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1 Introduction
Ultrasmall gold nanoparticles (usAuNP) of 2 nm and below in size exhibit special size-related
optical and electronic properties differing from those of plasmonic AuNP with sizes above 2 nm.
This is caused by the size quantization effect, which results in discrete energetic states for
usAuNP. [1] They are promising candidates for biomedical applications, because they approach
the size of subcellular units and are thus prone to cellular uptake. Applications as drug carriers,
contrast enhancing agents or cytostatic agents can be envisioned. [2–4] For this purpose well
characterized particles with narrow size distributions are needed. [5–9]
An important factor for their application is the evaluation of their bioactivity. A first step in this
screening process is the use of cytotoxicity tests, which give a measure for the adverse effects
of NP on cell proliferation. [3,10–12] As cytotoxicity tests do not account for possible com-
plex effects of NP in living beings, additional biocompatibility tests are needed. [13] Amongst
these tests, the evaluation of the cardiotoxic effect has become mandatory for newly developed
drugs. [14]
From the different kinds of AuNP reported in literature, the water-soluble derivative of the
well-investigated Schmid cluster [Au55(Ph2PC6H4SO3Na)12)Cl6] (Au1.4MS), has attracted par-
ticular attention. [7]
Pan et al. investigated the size-dependent cytotoxicity of a sample set of differently sized tri-
phenylphosphine-monosulfonate (TPPMS)-stabilized AuNP including Au1.4MS. They could show
that Au1.4MS exhibits the highest cytotoxicity in a particle size range between 0.8-15 nm. [15]
Further cytotoxicity experiments with gluthatione (GSH)-stabilized AuNP with a similar core
diameter of 1.1 nm (Au1.1GSH), revealed a much lower cytotoxic effect. As the Au-S bond is
stronger than the Au-P bond [16,17], the authors concluded that the cytotoxic effect is not only
1
1 Introduction
dependent on the particle size but also on the binding strength between ligand and Au-core.
Upon incubation of cells with Au1.4MS and an excess of TPPMS the cytotoxicity was strongly
diminished, indicating a possible toxicity mechanism in which the ligand shell gets stripped off
in an equilibrium reaction and the partially “naked” Au-core itself causes toxicity. [18]
In order to asses a possible cardiotoxic potential of Au1.4MS, its blocking effect on the human
ether-á-go-go (hERG) potassium ion channel (Kv11.1), which regulates the heartbeat, was in-
vestigated by means of patch-clamp experiments. The measurements showed a strong blocking
effect of Au1.4MS on the hERG ion channel, compared to the absence of a blocking effect
for Au1.1GSH. Further pre-incubation experiments with TPPMS and Monte Carlo simulations
suggest the “naked” Au-core as the blocking moiety, supporting the findings from cytotoxicity
assays. [19]
In order to further assess the correlation between Au-ligand binding strength and biological
activity in comparison to Au1.4MS, usAuNP with a Au-ligand binding strength between those
of thiols and monophosphines are needed. It has been shown already for thiol-stabilized usAuNP
(dcore = 2 nm) that the use of multidentate binding ligands with similar sterical requirements,
leads to improvement in stability of these particles, which is explained by the chelating effect of
the multidentate ligands. [20] Assuming that a similar behavior results for multidentate binding
phosphines in comparison to monodentate binding phosphines, this work focuses on the synthesis
and structural characterization of water-soluble diphosphine-stabilized usAuNP with a Au-core
diameter less than 2 nm. For the ligand synthesis bis(diphenylphosphino)alkanes of different chain
lengths shall be sulfonated and used in direct synthesis as well as ligand exchange approaches to
form diphosphine-stabilized usAuNP.
For further assessment of the size-dependent blocking potential of TPPMS-stabilized AuNP,
AuNP with sizes smaller and larger than 1.4 nm are needed.
Therefore, the recently reported synthesis and structural characterization of a water-soluble
TPPMS-stabilized Au9-cluster as a side product for the reduction of [Au(TPPMS)Cl] with NaBH4
in the presence of mercaptopropionic acid (MPA) [21] shall be optimized, to further characterize
the cluster and test its blocking potential on the hERG ion channel, together with TPPMS-
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stabilized AuNP larger than Au1.4MS.
The ligand-dependent blocking efficacy of usAuNP will be further investigated with a mixed lig-
ated MPA/TPPMS-stabilized usAuNP. This particle is believed to be a Au25-cluster, but so far
no crystal structure could be obtained. [22] For a better understanding of a possible biological
effect of this Au-cluster on the hERG ion channel, it will be attempted to crystallize the cluster
within this work.
As only well characterized and structurally defined usAuNP can give a profound understand-
ing of their biological activity, high-resolution transmission electron microscopy (HRTEM) will
be assessed as a structural characterization tool in the last part of this work. 4’-methyl-1,1’-
biphenyl-4-propanethiol (BP3)-stabilized AuNP with a Au-core diameter of 4.1 ± 0.5 nm shall
be used as test material, due to their narrow size distribution and good stability.
In the upcoming chapter a summary of the current state of research on the synthesis, structural
characterization and electronic properties of phosphine- and diphosphine-stabilized Au-cluster
will be provided.
3
2 Basic information
2.1 Structure and electronic properties of
phosphine-stabilized ultrasmall goldnanoparticles
2.1.1 Introduction
In the last years usAuNP with particle diameters of 2 nanometers and below have attracted
increasing interest in different research fields. They exhibit special electronic properties, due to
the size quantization effect. Size quantization in usAuNP leads to defined energetic states and
a nonzero band gap (Egap) between highest occupied molecular orbital (HOMO) and lowest un-
occupied molecular orbital (LUMO) [1], which makes them promising candidates for the use in
catalysis [23–25], molecular microelectronics [26,27], biolabeling [28] and photovoltaics [29]. For
the application of such nanoparticles it is vital to fully understand their molecular and electronic
structure, in order to be able to tune their electronic properties. Therefore Au-cluster with defined
molecular structures experience special attention. [30–36]
For stability reasons Au-clusters need to be functionalized with organic ligands. The most com-
monly used organic molecules in that sense are thiols and phosphines, due to the high affinity of
sulfur and phosphorous towards Au. [16]
Thiol-stabilized usAuNP are a young research field. Having started in the early 1990s, Brust
et al. showed a facile synthesis method for thiol-stabilized usAuNP with diameters of around 1-
3 nm. [8,9] In the following years, different sized thiol-stabilized usAuNP have been synthesized
and characterized e.g. by means of mass spectrometry. Especially for clusters with a Au-core com-
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posed of 25 atoms, high stability was observed. [37,38] Crystallization of the molecular Au-clusters
enabled the full structural characterization, with Au25(SR)18 [31,38–40], Au38(SR)24 [41–44] and
Au102(SR)144 [30,45] being the most prominent examples. Especially the structural characteri-
zation of Au25 [31] and Au102 [30] has led to a deeper understanding of the structure of thiol-
stabilized cluster species. A binding motif for those clusters was revealed which is different from
phosphine-cluster chemistry, showing a combination of a highly symmetric Au(0)-core stabilized
by different bidentate Au(I)-thiolate oligomers. This binding motif was consistent with the to
the so-called “divide and protect” concept derived from earlier theoretical predictions made by
Häkkinen et al. [17] From this concept Pei et al. formulated the “inherent structure rule”, which
predicts the possible structures for thiol-stabilized clusters. [46]
The origin of phosphine Au-cluster chemistry traces back to the 1960s when Malatesta and his
coworkers synthesized phosphine- as well as diphosphine-stabilized Au-cluster species with five
to six Au-atoms. [47,48] These works were followed by further advances in phosphine-stabilized
Au-cluster chemistry in the 1970s and 1980s. During that time, clusters with Au-core nuclear-
ities of Au8 [49–51], Au9 [52–54], Au11 [54–60] and Au13 [61,62] have been synthesized, but
only some species have been characterized by single X-ray diffraction (XRD) analysis, due to
technical limitations of the analytical tools. In 1984 Mingos and Hall summarized the XRD re-
sults, spectroscopical aspects and structural bonding models for those clusters. They did show
the skeletal geometries of the cluster species in solid state. Most of those structures are derived
from capped-centered chair geometries or from a fragment of a parent-centered icosahedron. [63]
In 1981 Schmid et al. were able to synthesize a triphenylphosphine-stabilized cluster species, with
a mean Au-core size of 1.4 nm, which is supposed to have the composition [Au55(PPh3)12Cl6],
derived from sedimentation experiments and Mößbauer spectroscopy. The cluster is assumed to
be a fragment of the cubic face centered structure of bulk Au, a so called “full-shell” cluster and
therefore exhibits a high stability. [6] By a ligand exchange reaction with excess TPPMS, the
cluster can be transferred into the H2O phase under core size retention. [7] The understanding
of the structure of the cluster [64–68] as well as the understanding of its electronic proper-
ties [69–74] have been addressed by different working groups. But unfortunately, the crystal
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structure still remains unclear up until the present. Roughly ten years later Teo et al. synthesized
[Au39(PPh3)14Cl8], which up to that date was the biggest phosphine-stabilized Au-cluster with
full structural characterization. [75]
Just recently Mingos summarized the binding characteristics found in phosphine- as well as
thiol-stabilized Au-clusters, focusing on theoretical methods to explain and predict cluster geome-
tries. He developed new approaches to using the knowledge on phosphine-stabilized Au-cluster
structures to theoretically construct thiol-stabilized clusters, thereby combining phosphine- and
thiol-cluster chemistry. [76]
Recent insights on cytotoxicity [15,18], cardiotoxicity [19] and teratogenicity [77] of water-soluble
phosphine-stabilized usAuNP, have shown that the size and thereby also the structure of the par-
ticles play a crucial role for their biocompatibility, which itself is an important factor for their
commercial application. This has encouraged us to revise the topic of phosphine-stabilized us-
AuNP, concerning molecular and electronic structure.
In the following, an overview of newly found crystal structures of phosphine as well as diphoshine-
stabilized Au-cluster species up to a cluster size of 25 Au-atoms is presented and we their elec-
tronic stability by considering the cluster as a superatom complex is discussed. For the elucidation
of their electronic structure, different methods have been applied in literature. Herein the results
derived from simulations, optical measurements, as well as voltametric methods for the deter-
mination of Egap in comparison with simple theoretical models are discussed, in order to gain a
better understanding of the relation of their molecular and electronic structure.
2.1.2 Synthesis and crystal structure determination of
phosphine-stabilized usAuNP
The most common synthesis method for phosphine-stabilized usAuNP with a core diameter
around 1 nm is the reduction of Au-phosphine-salts or complexes in an ethanolic solution with
NaBH4. [52,55,61,78]
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Typical examples for products of this reduction are [Au9(PPh3)8](NO3)3 [32,52]
and [Au11(PPh3)7Cl3] [79,80]. [Au9(PPh3)8](NO3)3 can be further converted into
[Au8(PPh3)8](NO3)2 by addition of free triphenylphosphine (TPP). [51] There are also
growth reactions possible starting from [Au9(PPh3)8](NO3)3 by the addition of 2-pyridinethiol
a Au11-cluster species with the formula [Au11(PPh3)7(S-4-NC5H4)3] was synthesized. [81] A
scheme of typical conversion reactions is shown in Scheme 2.1.
Scheme 2.1: Typical synthesis routes for phosphine-stabilized Au-cluster species. Adapted
from [22].
One of the main challenges in phosphine-stabilized Au-cluster chemistry still remains their crys-
tallization for single-crystal XRD analysis, which is the only method available to determine the
actual crystallographic structure of the cluster species. [63]
In the following a selection of recently discovered crystal structures of phosphine as well as
diphosphine-stabilized Au-clusters between 8-25 Au-atoms is provided and discussed in the order
of increasing numbers of Au-core atoms.
[Au8(PPh3)8](NO3)2 was first synthesized by Manassero et al. in 1979 and from elemental anal-
ysis, conductometric titration as well as crystallographic determination of the molecular weight
the molecular formula was deduced. [49] Just recently the crystal structure of the cluster as a
DCM solvate could be resolved. [82] The structure of the cluster cation is illustrated in Fig. 2.1.
The Au-core of the cluster can be derived from a centered icosahedron, in which two opposite
faces of the icosahedron are removed and in the middle of one of the previous faces a Au-atom
is added. Because every Au-atom is connected to a phosphine ligand, the central Au-atom is
slightly displaced from the mass center of the Au-core, due to the sterical hinderance of the
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Figure 2.1: Structure of the cluster cation [Au8(PPh3)8]2+ (Atoms labeled as follows Au
= yellow; P = green; C = grey), for clarity H-atoms are omitted. Adapted
from [82].
ligands. [82] These results fit very well to the crystal structure of the analog [Au8(PPh3)8](aliz)2
(aliz = alizarinsulphonate). [49]
The crystal structure of [Au9(PPh3)8](NO3)3 was resolved by Wen et al. in 2008 (see Fig.
2.2). [32]
Figure 2.2: Structure of the cluster cation [Au9(PPh3)8]3+ (Atoms labeled as follows Au
= yellow; P = green; C = grey), for clarity H-atoms are omitted. Adapted
from [32].
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The Au-core structure can be derived from a centered icosahedron by removing a rectangle of
four Au-atoms as it was already reported for the analog [Au9(P(p-C6H4CH3)3)8]3+. [52]
The synthesis and crystallization of water-soluble phosphine-stabilized Au-clusters is even more
challenging. Because of a high amount of crystal water, crystals are often very sensitive to air
moisture and quickly decompose upon the loss of water.
A TPPMS-stabilized Au9-cluster is one recent example for a successful synthesis and crystalliza-
tion of such a water-soluble species, synthesized by Gutrath et al. [21] The small dimensions of
the obtained crystals, the high amount of crystal water and the disorder caused by the confor-
mational degree of freedom of the phosphine groups led to a low resolution of the diffraction
pattern. Therefore, only the core structure and the position of the P-atoms could be determined
(see Fig. 2.3).
Figure 2.3: Structure of Au9(TPPMS)85- (Atoms labeled as follows Au = yellow; P =
green), because of the low resolution of the diffraction pattern the position of
the TPPMS molecules could not be determined. Adapted from [21].
With additional information from the optical spectra and the used educts, the formula
[Na8-x[Au9(TPPMS)8]Cl3-x · nH2O (0≤x≤3, n ≈ 16) is deduced. The new found structure is
very similar to that of the butterfly conformation of the cluster [Au9(PPh3)8]Cl3 [32], showing
that the cluster structure remains upon use of the water-soluble derivative of TPP.
Malatesta et al. reduced Au(PPh3)Cl with NaBH4 which resulted in a Au11-cluster species which
was assumed to have the chemical formula [Au11(PPh3)7Cl3]. [59] After more than thirty years
Gutrath et al. were able to crystallize this cluster. The crystal structure of the cluster is shown
in Fig. 2.4. [80]
The structure can be derived from a centered icosahedron in which three Au-atoms of the same
face are removed and in the middle of the removed face a Au-atom is placed. All of the Au-atoms
except the central Au-atom are bound to a phosphine or a chloro ligand. The resulting structure
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Figure 2.4: Structure of [Au11(PPh3)7Cl3] (Atoms labeled as follows Au = yellow; P =
green; C = grey; Cl = light green), for clarity H-atoms are omitted. Adapted
from [80].
was already believed by Wertheim et al. [83] and is found in most of the Au11-species [54–56,58].
Starting from the binuclear Au-complex Au2(Ph2P(CH2)2PPh2)Cl2 the reduction with NaBH4
and precipitation with SbF6- leads to a 1,2-Bis(diphenylphosphino)ethane (DPPE)-stabilized
cluster with the composition [Au11(Ph2P(CH2)2PPh2)6](SbF6)3. This cluster shows a so called
“core+two” structure, as it is composed of a Au9-core with two additional Au-atoms in exo
position. The Au9-core is found in a disordered butterfly conformation, where the distortion is
likely caused by the two Au-atoms in exo position to the core. Each exo Au-atom is bond to
both P-atoms of one diphosphine ligand, whereas the peripheral Au-atoms are only bond to one
P-atom of a diphosphine ligand (see Fig. 2.5). [35]
Shichibu et al. were able to synthesize a Au13-cluster species stabilized with DPPE. By
reducing Au2(Ph2P(CH2)2PPh2)Cl2 with NaBH4 they obtained a Au-cluster mixture con-
sisting of DPPE-stabilized Au9-, Au11-, Au12-, Au13-, Au15-clusters proven by electronspray
mass spectrometry (ESI-MS). Through an etching process with HCl, the main product
[Au13(Ph2P(CH2)2PPh2)5Cl2]Cl3 was formed, which was then crystallized as hexafluorophos-
phate salt [Au13(Ph2P(CH2)2PPh2)5Cl2](PF6)3. The reason for the selectivity of this etching
process is not yet clear. Shichibu et al. propose a mechanism in which the Au-P bond is
weakened by the acidic proton leading to a metal atom transfer. The structure of the cluster
cation [Au13(Ph2P(CH2)2PPh2)5Cl2]3+ is shown in Fig. 2.6. [34]
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Figure 2.5: Structure of [Au11(Ph2P(CH2)2PPh2)6]3+ (Atoms labeled as follows Au =
yellow; P = green; C = grey), for clarity H-atoms are omitted. Adapted from
[35].
Figure 2.6: Structure of [Au13(Ph2P(CH2)2PPh2)5Cl2]3+ (Atoms labeled as follows Au
= yellow; P = green; C = grey; Cl = light green), for clarity H-atoms are
omitted. Adapted from [34].
It shows an icosahedral core structure, in which the two chloro ligands can be found in trans
position and the diphosphine is coordinated to the other ten surface atoms.
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Gutrath et al. were able to synthesize a Au14-cluster, which was observed as small bright green
crystals as a side product of the well known [Au9(PPh3)8](NO3)3. The crystals could only be
observed in a small amount and were very fragile. Nevertheless, the crystal structure was deter-
mined. In Fig. 2.7 the structure of [Au14(PPh3)8(NO3)4] is shown.
Figure 2.7: Structure of [Au14(PPh3)8(NO3)4] (Atoms labeled as follows Au = yellow; P
= green; C = grey; N = blue; O = red), for clarity H-atoms are omitted.
Adapted from [84].
The structure can be derived from [Au9(PPh3)8(NO3)3], if a surface linked tetrahedron is attached
to his copy build by inversion and all free coordination sites are saturated by two pairs of Au(NO3)-
units, as electron-withdrawing ligands. [84]
Wan et al. reduced [Au4P(C2H4PPh2)3Cl4] with NaBH4 in DCM to obtain a black solid, which
was recrystallized from CH2Cl2/CH3OH/pentane to yield black crystals. Crystal structure analysis
revealed the formula [Au20(P(C2H4PPh2)3)4]Cl4, which is the first example for a Au-cluster with
a chiral Au-core. The structure is shown in Fig. 2.8.
This tetracationic cluster stabilized by the tetradentate phosphine ligand tris-(2-diphenyl-
phosphino)ethyl)phosphine can be described as a centered icosahedron of 13 Au-atoms, which
is surrounded by a 7 Au-atom motif. Each of the 16 surface atoms is bound to one P-atom. The
phosphine ligand on top bridges four Au-atoms symmetrically, whilst the other three bridge a
triangle of Au-atoms and one neighboring Au-atom. The 7 Au-atom motif lowers the symmetry
of the icosahedral building block, thus resulting in chirality of the Au-core. [85]
In 2014 Chen et al. synthesized a 1,8-Bis(diphenylphosphino)octane (DPPO)-stabilized
Au22-cluster species with the formula [Au22(Ph2P(CH2)8PPh2)6]. The structure of the neutral
cluster species is shown in Fig. 2.9.
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Figure 2.8: Structure of the cluster cation [Au20(P(C2H4PPh2)3)4]4+ (Atoms labeled as
follows Au = yellow; P = green; C = grey), for clarity H-atoms are omitted.
Adapted from [85].
Figure 2.9: Structure of [Au22(Ph2P(CH2)8PPh2)6] (Atoms labeled as follows Au = yel-
low; P = green; C = grey), for clarity H-atoms are omitted. Adapted from [86].
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The cluster is built up by two Au11-units which are fused together by four diphosphine ligands,
the remaining two diphosphine ligands bind to each Au11-unit in a bidentate way. At the interface
of the two Au11-units, which can be seen as a distorted cube, the eight Au-atoms are not bound
to any diphosphine ligand. [86]
The conversion of different alkane thiols with [Au11(PPh3)8Cl2]+ leads to a cluster species with
25 Au-atoms and a mixed ligand composition. Shichibu et al. were able to crystallize a Au25-
cluster species with the composition [Au25(PPh3)10(SC2H5)5Cl2](SbF6)2, the crystal structure of
the cluster cation is shown in Fig. 2.10.
Figure 2.10: Structure of the cluster cation [Au25(PPh3)10(SC2H5)5Cl2]2+ (Atoms labeled
as follows Au = yellow; P = green; S = light blue; C = grey; Cl = light green),
for clarity H-atoms are omitted. Adapted from [33].
The Au-core is build up by two icosahedral Au13-cluster building blocks that are connected by
one vertex Au-atom. Those building blocks are bridged by the thiol ligands and the phosphine
ligands stabilize the outer Au-atoms. [33]
2.1.2.1 Au-Au bond lengths
From single-crystal XRD analysis the Au-Au bond lengths for each Au-cluster can be calculated.
These distances are characteristic for each of the discussed Au-clusters and range from 2.57-
3.64 Å, differing from those found in bulk Au (2.884 Å). [87] Table 2.1 sumps up the range of
the Au-Au bond lengths for the discussed Au-clusters.
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Table 2.1: Range of Au-Au bond lengths for the discussed Au-clusters.
Cluster compound Au-Au / Å Reference
[Au8(PPh3)8]2+ 2.5735(7)-2.8909(8) [82]
[Au9(PPh3)8]3+ 2.6746(9)-2.7079(8) [32]
[Au9(TPPMSNa)8]3+ 2.617(11)-2.802(13) [21]
[Au11(PPh3)7Cl3] 2.6079(7)-2.9677(7) [59,80]
[Au11(Ph2P(CH2)2PPh2)6]3+ 2.6294(8)-2.9709(8) [35]
[Au13(Ph2P(CH2)2PPh2)5Cl2]3+ 2.696-2.974 [34]
[Au14(PPh3)8(NO3)4] 2.5817(4)-2.9839(4) [84]
[Au20(P(C2H4PPh2)3)4]4+ 2.572(2)-3.216(2) [85]
[Au22(Ph2P(CH2)8PPh2)6] 2.631(1)-3.636(2) [86]
[Au25(PPh3)10(SC2H5)5Cl2]2+ 2.695-3.029 [33]
In general shorter radial Au-Au bond lengths are found for Au-clusters that exhibit a central
Au-atom, compared to the peripheral Au-Au distances. The radial bond lengths are those,
which involve the central Au-atom, whereas the peripheral bonds are those on the periphery
of the Au-cluster. [63] The linear moiety Au-Au-ligand in radial Au-Au bonds enhances
sdz2 hybridization and thereby leads to a strong and short Au-Au bond. [76] For example
[Au11(PPh3)7Cl3] shows radial Au-Au bond lengths between 2.6079(7)-2.7044(7) Å and
peripheral Au-Au bond lengths between 2.8450(7)-2.9677(7) Å. [80]
Amongst the shortest peripheral Au-Au bond lengths within a Au-cluster are found
for [Au14(PPh3)8(NO3)4] with 2.5817(4) Å [84] and for [Au20(P(C2H4PPh2)3)4]4+ with
2.572(3) Å [85]. The shortest radial Au-Au bond length within a Au-cluster is found
for [Au8(PPh3)8]2+ with 2.5735(7) Å. [82] A very long Au-Au bond distance is found
in [Au22(Ph2P(CH2)8PPh2)6] with 3.636(2) Å, which is caused by the distortion of the
Au11-subunits due to the coordination environment of the diphosphine ligand. [86]
2.1.3 Stability of usAuNP
The prediction of Au-cluster stability is an important topic, because of the fact that their stability
gives information on the possibility of obtaining a Au-cluster with a specific number of Au-atoms.
Metal cluster stability can be explained by the so called full-shell cluster model. Herein a central
metal atom is surrounded by a number of shells (n) of hexagonal (hcp) or cubic (ccp) close-
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packed metal atoms, leading to geometrically stable metal clusters. The number of metal atoms
per shell is then given by 10n2 + 2, leading to an overall number of metal atoms of 13, 55 and
147 for the first three shells. One example for such a geometrically stable full-shell cluster is
[Au55(PPh3)12Cl6]. [88]
Except for [Au13(Ph2P(CH2)2PPh2)5Cl2]3+, this model cannot explain the stability of the herein
discussed cluster species. Thus, another model is used to explain the stability of these Au-
clusters, which is derived from the counting rules for phosphine-stabilized Au-clusters introduced
byMingos in 1984. [89] In the so called superatom complex theory the Au-cluster is approximated
as a quantum dot with delocalized superatom orbitals, which are derived from the 6s orbitals of
the Au-atoms and form a finite system of energetic states. The cluster is treated as a superatom
complex with the formula [LS ·AnXm]z . This superatom complex with A Au-atoms and a charge
of z , is stabilized by electron-withdrawing ligands X with number m (Xm) and weak Lewis base
ligands L with number S (LS). The number of delocalized electrons that can be distributed onto
the superatom orbitals can be calculated with eq. 2.1. [90]
n∗ = Nυa −M − z (2.1)
Where n∗ is the number of electrons needed for shell closure, υa is the number of free valence
electrons in one metal atom (in the case of Au υa counts one), N is the number of metal atoms,
M the number of electron-withdrawing ligands and z the net charge of the cluster compound.
Shell closure and thereby exceptional stability is obtained for:
n∗ = 2, 6, 12, 20, 30, ...(quantum dot with ellipsoidal electronic shell (2D)) [91] (2.2)
n∗ = 2, 8, 18, 34, 54, ...(quantum dot with spherical electronic shell (3D)) [17] (2.3)
In order to visualize the bonding characteristics in Au-clusters with a spherical or ellipsoidal
electronic structure, the close shell arrangement of the S and P orbitals for a spherical (n∗ = 8)
and an ellipsoidal (n∗ = 6) electronic shell are shown in Fig. 2.11.
For example the cluster [Au8(PPh3)8](NO3)2 can be expressed in terms of the superatomcomplex
theory as [L8 · A8X0]2 leading to a stable cluster with an ellipsoidal electronic shell and n∗ = 6.
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Figure 2.11: Bonding characteristics in spherical (left) and ellipsoidal (right) Au-clusters
with a close shell arrangement of the valence electrons (not drawn to scale).
Adapted from [76].
Expressing [Au14(PPh3)8(NO3)4] in terms of the superatomcomplex theory we end up with
[L8 · A14X4]0 and n∗ = 10, which cannot explain its stability neither in a 2D nor in a 3D
electronic system. Taking the structure of [Au14(PPh3)8(NO3)4] into account, where the free
coordination sites of the cluster are saturated with four electron-withdrawing Au(NO3) ligands,
the cluster can be rewritten as [Au10(PPh3)8(Au(NO3))4], thus leading to shell closure in a 2D
system with [L8 · A10X4]0 and n∗ = 6. This assumption is supported by DFT calculations, which
show a 2D charge distribution in the HOMO of the core structure. [84]
Rewriting the cluster [Au25(PPh3)10(SC2H5)5Cl2]2+ as a superatom complex leads to an electron
count of n∗ = 16, which does not satisfy the counting rules for a 2D or a 3D electronic system.
In terms of its crystal structure it is likely that the cluster has to be seen as two icosahedral
building blocks with a stable electron count of n∗ = 8 each, bridged together.
Although the superatom comlex theory is a powerful prediction method for the stability
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of cluster species, it cannot explain the stability of all phosphine-stabilized Au-clusters. For
example, [Au20(P(C2H4PPh2)3)4]Cl4 with an electron count of n∗ = 16 does not fulfill the
counting rule neither for a 2D nor a 3D electronic system. Nevertheless, the cluster shows long
term stability in solution. Because of its non-spherical structure Wan et al. propose that the
high stability can be explained by means of an ellipsoidal shell model [92,93], as well as with the
strong chelating effect of the tetradentate ligand. [85]
The cluster [Au22(Ph2P(CH2)8PPh2)6], which has an electron count of n∗ = 22 does not fulfill
the counting rules of the superatom complex theory either. Here the high stability might be
given due to the chelating effect of the diphosphine ligand which clamps the Au11-subunits
together, resulting in short Au-Au distances at the interface of the two subunits. [86]
Table 2.2 sums up the described clusters in superatom complex nomenclature and gives the
number of electrons for shell closing, as well as the dimensionality of the electronic density.
Table 2.2: Superatom complex nomenclature, electron count according to the superatom
complex theory, the dimensionality of the electronic density, as well as the
reference for the discussed Au-clusters. The electron counts marked with *
correspond to clusters showing stability which cannot be explained by the su-
peratom complex theory.
Cluster compound [LS · AnXm]z n∗ Electonic Density Reference
[Au8(PPh3)8]2+ [L8 · A8X0]2 6 2D [51,82]
[Au9(PPh3)8]3+ [L8 · A9X0]3 6 2D [32]
[Au9(TPPMSNa)8]3+ [L8 · A9X0]3 6 2D [21]
[Au11(PPh3)7Cl3] [L7 · A11X3]0 8 3D [59,80]
[Au11(Ph2P(CH2)2PPh2)6]3+ [L6 · A11X0]3 8 3D [35]
[Au13(Ph2P(CH2)2PPh2)5Cl2]3+ [L5 · A13X2]3 8 3D [34]
[Au10(PPh3)8(Au(NO3))4] [L8 · A10X4]0 6 2D [84]
[Au20(P(C2H4PPh2)3)4]4+ [L4 · A20X0]4 16* - [85]
Au22(Ph2P(CH2)8PPh2)6 [L6 · A22X0]0 22* - [86]
[Au25(PPh3)10(SC2H5)5Cl2]2+ [L10 · A25X2]2 2 x 8 3D [33]
2.1.4 Electronic structure of phosphine-stabilized usAuNP
2.1.4.1 Density-functional theory (DFT) calculations
Density-functional theory (DFT) is applied as a computational tool in order to elucidate
the electronic structure and thereby the energy gap of usAuNP. [94] Following a geometry
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optimization process, the theoretical energy gap between HOMO and LUMO (Egap, theo) can be
calculated from the known crystal structure. In most cases PBE or B3LYP functionals are used.
A lot of calculations make use of molecular simplifications in order to reduce additional burden.
In 2008 Walter et al. presented DFT calculations for different phosphine- and thiol-stabilized
Au-cluster species that have been synthesized and characterized by single-crystal XRD analysis in
the past decades. Amongst those clusters Egap, theo for [Au11(PH3)7Cl3] and [Au11(PH3)7(SMe)3],
on the structural basis of [Au11(S-4-NC5H4)3(PPh3)7] [81], was calculated to be 1.5 eV for
[Au11(PH3)7(SMe)3] and 2.1 eV for [Au11(PH3)7Cl3] using the PBE functional. [90]
Shichibu et al. calculated the theoretical energy gap for [Au11(H2P(CH2)2PH2)6]3+ to be 2.2 eV,
also using a simplified structure by substituting PPh2 against PH2. For this calculation, time
dependent DFT (TDDFT) with the B3LYP functional was used. They show that the appearance
of the exo Au-atoms in the crystal structure have a strong influence on the electronic structure
of the cluster, therefore leading to differing values for the band gap observed in the spherical
core only cluster [Au11(H2P(CH2)3PH2)5]3+ (2.52 eV). [35]
In order to determine the HOMO-LUMO gap of [Au25(PPh3)10(SC2H5)5Cl2]2+ DFT calculations,
using the B3LYP correlation functional, were performed on the structurally similar Au-cluster
[Au25(PH3)10(SCH3)5Cl2]2+ yielding Egap, theo of 2.13 eV. [93]
Gutrath et al. determined Egap, theo for [Au11(PPh3)Cl3] with the help of DFT calculations, using
a functional with PBE correlation, to be 1.98 eV. [80]
At the beginning of 2014 Muniz-Miranda et al. reported the performance of different
exchange and correlation funtionals in TDDFT calculations on the structure and theoretical
band gap of three different cluster molecules [Au11(SPy)3(PPh3)7], [Au11(PPh3)7Cl3] and
[Au24(PPh3)10(SC2H4Ph)5ClBr]+. They concluded that GGA functionals with PBE-like
correlation most accurately describe the optical gap of the cluster structures in comparison to
experimental data. For these three clusters no strong influence on the ligand shell to the value
of Egap, theo was observed. Egap, theo for [Au11(PPh3)7Cl3] was calculated to be 2.21 eV. [94]
Just recently the theoretical band gaps for [Au8(PPh3)8]2+ (2.12 eV), [Au9(PPh3)8]3+ (1.65 eV)
and [Au14(PPh3)8(NO3)4] (0.41 eV) were calculated using TDDFT with the GGA-functional
PBE, taking the whole cluster structure into account. [82]
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The values for Egap, theo are summarized in table 2.3 and range from 0.41-2.21 eV for the
discussed cluster species.
Table 2.3: Theoretically derived data for Egap, theo of the discussed phosphine-stabilized
and diphosphine-stabilized Au-clusters.
Cluster compound Egap, theo / eV (functional) Reference
[Au8(PPh3)8]2+ 2.12 (PBE) [82]
[Au9(PPh3)8]3+ 1.65 (PBE) [82]
[Au11(PPh3)7Cl3] 1.98 (PBE); 2.21 (PBE) [80,94]
[Au11(Ph2P(CH2)2PPh2)6]3+ 2.2 (B3LYP) [35]
[Au14(PPh3)8(NO3)4] 0.41 (PBE) [82]
[Au25(PH3)10(SCH3)5Cl2]2+ 2.13 (B3LYP) [93]
2.1.4.2 Optical extinction spectroscopy (OES)
Despite theoretical calculations, the band gap can be determined experimentally by means of
optical methods. Due to the size quantization effect, small Au-cluster exhibit an electronic struc-
ture comprised of distinct energetic states. [1] Upon irradiation with light in the ultraviolet to
visible spectrum, electrons are excited from ground state into higher energetic states, so called
interband transitions. These transitions can be observed with optical extinction spectroscopy
(OES), leading to distinct extinction maxima in the optical spectra. [63] Fig. 2.12 exemplar-
ily shows the extinction spectra for differently sized TPP-stabilized Au-clusters, as well as one
TPPMS-stabilized cluster in solution.
The spectra characteristics change with the amount of Au-atoms, making it possible to distinguish
between different sized clusters. As seen for the Au9-cluster, a substitution of TPP against
TPPMS does not lead to a significant alteration of the spectrum, leading to the conclusion that
the appearance of the spectra is primarily determined by the Au-core, which was already observed
by Hall et al. [63]
The OES can be used for the estimation of the optical band gap (Egap, OES). [95] Here the
extrapolation of the linear area of the first eletronic transition to the energy scale provides
information about the value of Egap, OES. Its position is determined by fitting the spectrum to
a sum of Gaussians. [96] The type of the transition can be assigned by an approach used for
semiconductor quantum dots, a so called Tauc-plot. [97] Therefore, the absorbance value is
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Figure 2.12: Normalized extinction spectra of [Au8(PPh3)8]2+, [Au9(PPh3)8]3+,
[Au9(TPPMS)8]5- and [Au11(PPh3)7Cl3] in solution, the spectra character-
istics change with the number of Au-atoms. Adapted from [22].
multiplied by its corresponding excitation energy value, raised to the power of n (with n = 12 ,
3
2 ,
2, 3) and plotted against the excitation energy. The value of n corresponds to a certain type of
transition, with a direct allowed transition for n = 12 , an indirect allowed transition for n = 2, a
direct forbidden transition for n = 32 and an indirect forbidden transition for n = 3. Depending
on the type of transition a linear behavior in the area of the first electron transition is witnessed
for a specific value of n, thus allowing the assignment of the type of transition by a comparison
of the curves for the four different values of n in this area.
Gutrath et al. estimated Egap, OES from the optical extinction spectra of [Au8(PPh3)8]2+,
[Au9(PPh3)8]3+, [Au9(TPPMS)8]5- and [Au11(PPh3)7Cl3] in solution (see Fig. 2.12), yielding
values around 2 eV for all four species. From the Tauc-plots he determined the type of
transitions. The optically determined band gaps are summarized in table 2.4.
Except for [Au9(PPh3)8]3+ all optical transitions are symmetry forbidden and thereby directed
from a singlet to a triplet state.
Wan et al. used the excitation spectrum of [Au20(P(C2H4PPh2)3)4]Cl4 in dichlormethane, which
shows a strong absorbance maximum at 456 nm, and Egap, OES was determined to be 1.33 eV. [85]
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Table 2.4: Optical band gap data for the discussed phosphine-stabilized Au-clusters.
Cluster compound Egap, OES / eV Reference
[Au8(PPh3)8]2+ 1.97 [82]
[Au9(PPh3)8]3+ 2.07 [22]
[Au9(TPPMS)8]5- 2.05 [22]
[Au11(PPh3)7Cl3] 2.04 [80]
The optical band gap of [Au22(Ph2P(CH2)8PPh2)6] was determined in the same way and led to
a value of 1.9 eV. [86] In both cases no information on the type of transition is provided.
Table 2.5: Optical band gap data for the phosphine-stabilized Au20- and Au22-cluster.
Cluster compound Egap, OES / eV Reference
[Au20(P(C2H4PPh2)3)4]4+ 1.33 [85]
[Au22(Ph2P(CH2)8PPh2)6] 1.9 [86]
2.1.4.3 Photoluminescence spectroscopy
Another optical method to derive Egap are photoluminescence measurements. The photolumi-
nescence band gap (Egap, pl) can be either determined in solution or in solid state. Here the
absorbance of light leads to an excitation of valence electrons from HOMO into higher energetic
states LUMO+x and the emitted light during the relaxation process into the HOMO is detected.
Experimentally, the solid or solution is irradiated by laser light with a certain wavelength and the
emission spectrum is recorded. From the emission maximum the band gap can be determined, if
the relaxation process occurs over the HOMO-LUMO gap.
With this method Gutrath et al. determined Egap, pl for [Au8(PPh3)8](NO3)2, [Au9(PPh3)8](NO3)3
and [Au11(PH3)7Cl3] in solid state to be 1.69 eV, 1.77 eV and 1.62 eV respectively. He proposed
that the photoluminescence is directed over the HOMO-LUMO gap by a metal to ligand charge
transfer (MLCT) mechanism. Herein the electrons relax from LUMO+x states over an interme-
diate state, by intersystem crossing, back to ground state. The intermediate state is derived from
the pi∗ energy level of the phosphine ligands. [22]
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An example for such an emission spectrum is shown in Fig. 2.13 for [Au8(PPh3)8](NO3)2, where
a broad emission between 700 and 800 nm is observed, corresponding to Egap, pl of 1.69 eV as
mentioned above.
Figure 2.13: Extinction spectrum (black line) of solid [Au8(PPH3)8](NO3)2 and photo-
luminescence spectrum (red line) after irradiation with laser light at 532
nm. Artifact at 807 nm is caused by change of monochromators. Adapted
from [22].
Shichibu et al. measured the photoluminescence of [Au13(Ph2P(CH2)2PPh2)5Cl2]Cl3 in acetoni-
trile. Upon excitation at 360 nm an emission maximum at 766 nm was observed leading to Egap, pl
of 1.62 eV. [34]
For the understanding of the optical properties of mixed ligand shell biicosahedral Au25-clusters,
clusters with the general formula [Au25(PPh3)10(SR)5Cl2]2+ were synthesized. Here thiols with
chain lengths between C4-C12 were used. All clusters exhibited similar optical properties in
dichlormethane and showed an emission maximum of 827 nm in the photoluminescence spec-
trum upon excitation at 680 nm. This leads to Egap, pl of 1.50 eV. The authors postulate a ligand
to metal charge transfer (LMCT) mechanism, which is directed over the HOMO-LUMO band
gap. [98] The values for Egap, pl are summarized in table 2.6.
Table 2.6: Band gap data derived from photoluminescence for the discussed phosphine-
and diphosphine-stabilized Au-clusters.
Cluster compound Egap, pl / eV Reference
[Au8(PPh3)8](NO3)2 (solid) 1.69 [82]
[Au9(PPh3)8](NO3)3 (solid) 1.77 [22]
[Au11(PPh3)7Cl3] (solid) 1.62 [80]
[Au13(Ph2P(CH2)2PPh2)5Cl2]3+ 1.62 [34]
[Au25(PPh3)10(SR)5Cl2]2+ 1.50 [98]
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A comparison of Egap, OES and Egap, pl for [Au8(PPh3)8](NO3)2, [Au9(PPh3)8](NO3)3 and
[Au11(PPh3)7Cl3] shows that the band gap values from OES measurements (see table 2.5)
are higher than the values from photoluminescence measurements. This might possibly be
caused by the excitation process proceeding from HOMO to LUMO+x, which is underlined by
the Tauc-plot analysis, showing predominantly direct forbidden transitions, which have a low
transition probability. [95] The luminescence process on the other hand is assumed to occur
over the HOMO-LUMO gap. Solvent effects should be negligible as the extinction spectra of
solid cluster and cluster in solution are very similar. [22]
Comparing the theoretically calculated band gap values of [Au8(PPh3)8](NO3)2,
[Au9(PPh3)8](NO3)3, [Au11(PPh3)7Cl3] and [Au25(PPh3)10(SCH3)5Cl2]2+ with the values
determined by photoluminescence, Egap, theo is always higher than Egap, pl (see table 2.6). The
only exception is found for [Au9(PPh3)8](NO3)3, which shows a lower Egap, theo compared
to Egap, pl. As the photoluminescence of [Au9(PPh3)8](NO3)3 was measured in solid state,
whereas the theoretical calculations were conducted for the cluster cation, the lower Egap, theo
in comparison to Egap, pl might be explained by a different behavior of the cluster cation to
its electrostatic environment in comparison to the other Au-clusters. Indeed, calculations on
[Au8(PPh3)8]2+ and [Au9(PPh3)8]3+ did reveal different spatial distributions of their HOMO and
LUMO, suggesting a differing effect of the counter ions to the value of Egap for the Au9-cluster
in comparison to the Au8-cluster. [82]
The discrepancy between Egap, theo and Egap, pl for the Au25-cluster might be explained by the
use of a simplified structure model for the calculation, in which the phenyl groups have been
replaced with H-atoms. Therefore not fully accounting for a possible ligand contribution to the
band gap value.
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2.1.4.4 Voltammetry
Different voltammetric methods like cyclic voltammetry (CV), difference pulse voltammetry
(DPV) or square wave pulse voltammetry (SWV) are used for the electrochemical determination
of the band gap. With these methods the potential of the first oxidation and first reduction
process of a Au-cluster species is determined. [96,98,99]
The potential difference between first oxidation-first reduction process is the sum of the HOMO-
LUMO gap and the polarization energies for electron and electron hole (see eq. 2.4). [100]
E gap, volt = E gap +
∑
h
+
∑
e
(2.4)
From this equation the band gap can be determined by subtracting the polarization energy
from the potential difference. Generally the determination of the charging term is quite
difficult, because the charging effect is influenced by different factors like for example follow
up reactions [101] or solvent effects [102]. The polarization term is roughly estimated by the
difference between the quantized double layer (QDL) charging peaks, which can be ascertained
by DPV measurements. [99] Model calculations and experiments have been carried out for
the determination of the QDL peak spacing for thiol-stabilized Au-cluster species. The QDL
peak spacing lies in the range between 0.2 and 0.3 eV, which can be used as estimate for the
polarizing energy. [103,104]
Despite a variety of electrochemical measurements on thiol-stabilized usAuNP not many
investigations on phosphine-stabilized usAuNP are reported in literature. [99]
Wen et al. showed CV and DPV measurements on [Au9(PPh3)8]3+ in DCM leading to Egap, volt
of 1.78 eV. [32]
Gutrath et al. measured DPV voltamograms of [Au8(PPh3)8]2+, [Au9(PPh3)8]3+ and
[Au11(PPh3)7Cl3] in DCM and obtained values for Egap, volt of 1.60 eV, 1.77 eV (confirming Wen
et al.) and 1.16 eV respectively. The voltamograms are depicted in Fig. 2.14. [22]
Comparing Egap, volt for [Au8(PPh3)8]2+, [Au9(PPh3)8]3+ and [Au11(PPh3)7Cl3] to HOMO-
LUMO band gap data derived from optical and DFT data, they are all lower or equal (see tables
2.3; 2.4; 2.6). If we consider the polarization energy, the values from DPV should be higher than
those from photoluminescence and DFT. This discrepancy is explained by possible interactions
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Figure 2.14: DPV voltamograms of a) [Au11(PPh3)7Cl3]; b) [Au9(PPh3)8]3+ and c)
[Au8(PPh3)8]2+ in DCM. Experimental results (black squares) have been
smoothed and are represented by the blue and red curves. The potential was
changed between -2 and 1.5 V, starting at the open circuit potential, indi-
cated by the red and blue arrows. Black arrows indicate the first oxidation
and reduction signal. Adapted from [22].
of reduction product and solvent, fragmentation reactions, as well as consecutive reactions
leading to a change in the measured potential. In order to investigate follow up reactions CV
measurements were carried out. Indeed, the CV experiments did show complicated follow up
reactions, with rearrangement of the cluster structure, as well as multi-electron processes. [22]
Park et al. investigated the electrochemical band gap for different mixed ligated
[Au25(PPh3)10(SR)5Cl2]2+ cluster species using SWV. They determined a value for
Egap, volt of approx. 1.54 eV, including charging term, for thiols with alkyl chain lengths between
C6-C12. Thus, leading to the conclusion that there is no significant effect on Egap, volt by
variation of the used thiol ligands. The determined Egap, volt of 1.54 eV is in good agreement
with Egap, pl of 1.50 eV after subtracting the charging term. [98]
The data obtained from electrochemical methods is summarized in table 2.7.
2.1.5 Correlation of band gap data and comparison to theoretical
models
Despite the methods described so far, different simple models are used to predict Egap in rela-
tion to the number of Au-atoms in a cluster, all showing a decrease of the band gap with an
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Table 2.7: Summary of band gap data for the discussed phosphine-stabilized Au-clusters,
obtained from electrochemical measurements.
Cluster compound Egap, volt / eV Reference
[Au8(PPh3)8]2+ 1.60 [82]
[Au9(PPh3)8]3+ 1.78 [32]
[Au11(PPh3)7Cl3] 1.16 [22]
[Au25(PPh3)10(SR)5Cl2]2+ 1.54 [98]
increasing number of Au-atoms. According to Zheng et al. the size-energy gap dependence in
Au-clusters is described by the Jellium model, which was experimentally verified by photolumi-
nescence measurements on small dendrimer-stabilized Au-clusters. [105] In the Jellium model, a
cluster is treated as a quantum dot, in which the electrons are delocalized as free electron gas.
The energetic states of the electrons are distributed on a harmonic potential leading to a simple
relationship between energy gap and cluster size (see eq. 2.5).
Egap =
Ef
N 13
(2.5)
Were Ef is the fermi energy and N the number of atoms in the cluster species. Using a square
well potential (square potential box model) instead of the harmonic potential the dependence of
Egap to the cluster size is given by eq. 2.6. [105,106]
E gap =
6
5
E f
N 23
(2.6)
In contrast to the square potential box model, wherein the cluster is treated as a square potential
box, Kubo made quantitative predictions on the electronic structure of small metal clusters by
adopting the free electron approach to an ideally spherical particle. Following this assumption
the energy gap can be derived from eq. 2.7. [107]
E gap =
4
3
E f
N (2.7)
For the correlation of the obtained band gap values, they are summarized in table 2.8 together
with theoretical band gap data for phosphine-stabilized usAuNP with 3 up to 55 Au-atoms.
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Table 2.8: Summary of band gap data obtained for the discussed phosphine-stabilized Au-
clusters from theoretical methods (th), OES (op), photoluminescence measure-
ments (pl), as well as electrochemical methods (v). For comparison additional
theoretical band gap data of phosphine-stabilized clusters with more or less
Au-atoms were added.
Cluster compound N (Au) Egap / eV Method Reference
[Au3(PH3)3] 3 4.05 th [22]
[Au4(µ-I)2(PH3)4] 4 3.46 th [22]
[Au6(PH3)6]2+ 6 2.3 th [22]
[Au8(PPh3)8]2+ 8 1.97; 1.69; 1.60; 2.12 op; pl; v; th [82]
[Au9(PPh3)8]3+ 9 2.07; 1.77; 1.77; 1.65 op; pl; v; th [22,32,82]
[Au11(PPh3)7Cl3] 11 2.04; 1.62; 1.16; 2.1 op; pl; v; th [22,80,94]
[Au11(Ph2P(CH2)2PPh2)6]3+ 11 2.2 th [35]
[Au13(Ph2P(CH2)2PPh2)5Cl2]3+ 13 1.62 pl [34]
[Au14(PPh3)8(NO3)4] 14 0.41 th [82]
[Au20(P(C2H4PPh2)3)4]4+ 20 1.33 op [85]
[Au22(Ph2P(CH2)8PPh2)6] 22 1.9 op [86]
[Au25(PPh3)10(SC2H5)5Cl2]2+ 25 1.50; 1.54; 2.13 pl; v; th [93,98]
[Au39(PH3)14Cl6]- 39 0.8 th [90]
[Au55(PPh3)12Cl6] 55 0.15 th [74]
To further evaluate the usefulness of the Jellium model, the square potential box model and the
Kubo model for the size dependent evolution of the band gap, the summarized band gap data
are plotted against the number of Au-atoms together with the functions for the three models
(see Fig. 2.15). For the calculation of the three functions the fermi energy of Au was used
(Ef = 5.53 eV [108]).
As depicted in Fig. 2.15, all three models show a decay of the band gap with increasing number
of Au-atoms only differing in the rate of decrease. For small Au-clusters with 3-4 Au-atoms
the harmonic potential gives a good approximation for the band gap evolution, most likely
due to their strong molecular character. Theoretical band gap data for bigger clusters like
[Au55(PPh3)12Cl6] show a Kubo like band gap-size dependence, whereas the band gap-size
dependency of a TPP-stabilized Au39-cluster can be described best by a square-well potential.
The relation between band gap value and number of Au-atoms for clusters with 8-25 Au-atoms
is more complicated and not easily predicted by a theoretical model which describes the cluster
as a simple quantum dot. The fact that the band gap values even differ quite strong between
each determination method makes a generalized description of the band gap value in this cluster
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Figure 2.15: Comparison of band gap data from DFT calculations (•), OES (H), photolu-
minescence measurements () and electrochemical measurements (N) with
the harmonic potential (red line), square-well potential (blue line) and the
Kubo model (black line).
size regime impossible.
Considering the change of Egap, theo between 8-25 Au-atoms, we first observe a decrease
of the band gap from [Au8(PPh3)8]2+ (2.12 eV) to [Au9(PPh3)8]3+ (1.65 eV), afterwards the
band gap increases again for [Au11(PPh3)7Cl3] (2.21 eV). A very low band gap value is observed
for [Au14(PPh3)8(NO3)4] (0.41 eV), whereas the much larger [Au25(PPh3)10(SC2H5)5Cl2]2+
shows a band gap (2.13 eV) which is as high as the one found for [Au8(PPh3)8]2+. Especially
Egap, theo for the Au14- and Au25-cluster imply a strong dependence of the band gap not only
on the size of the cluster but also on its structure. The very low band gap of the Au14-cluster
might be explained by its very short distance of the peripheral Au-atoms (NO3)Au-Au(NO3),
thereby leading to a more bulk like electronic structure with a low band gap value. [82,84] In
the case of the Au25-cluster the HOMO and LUMO are distributed along the longitudinal axis
of the biicosahedral structure, therefore probably leading to the quite high band gap value. [93]
One has to keep in mind that the comparison of DFT data needs to be done with caution, due
to the fact that different functionals for the DFT calculations can alter the value for the band
gap significantly. [94]
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A comparison for the values of Egap, OES shows values around 2 eV for the spherical
clusters [Au8(PPh3)8]2+, [Au9(PPh3)8]3+ and [Au11(PPh3)7Cl3], respectively. These values are
very similar to the one found for the much larger non-spherical [Au22(Ph2P(CH2)8PPh2)6] cluster
(1.9 eV), indicating a stronger structure than size dependence of the derived optical band gap
data. Further evidence for this assumption can be found by comparing the values of Egap, OES for
the clusters [Au20(P(C2H4PPh2)3)4]Cl4 (1.33 eV) and [Au20(PhPpy2)10Cl2]Cl4 (PPhpy2 = bis(2-
pyridyl)-phenylphosphine) (2.24 eV), which are build up by the same amount of Au-atoms, but
show strongly differing optical band gap values. Herein the difference in their Egap, OES values
is supposed to result from their different structures. [Au20(P(C2H4PPh2)3)4]Cl4 exhibits a chi-
ral Au-core, whereas [Au20(PhPpy2)10Cl2]Cl4 is build up by two vertex-shared icosahedra. [85,109]
The band gap values determined by photoluminescence measurements range form 1.62-
1.77 eV for clusters with 8-13 Au-atoms, also indicating a strong structure dependence of Egap, pl
for different sized Au-clusters.
Egap, volt shows an increase of the band gap from [Au8(PPh3)8]2+ (1.60 eV) to [Au9(PPh3)8]3+
(1.77 eV). Followed by a decrease to 1.16 eV for [Au11(PPh3)7Cl3], which again goes up to
1.54 eV for [Au25(PPh3)10(SR)5Cl2]2+. The comparison of the electrochemically derived band
gap data is complicated as cluster specific side reactions [101] as well as solvent effects [102]
can have different effects on the determination of Egap, volt.
2.1.6 Conclusion and outlook
The synthesis and structural characterization of phosphine-stabilized usAuNP has been greatly
extended in the last number of years leading to new knowledge about atomic and electronic
structures of Au-clusters between 8-25 Au-atoms stabilized with mono- as well as multidentate
phosphine ligands. Special binding motifs found in clusters like for example the “core+two”
structure in [Au11(Ph2P(CH2)2PPh2)6]3+, the AuNO3-binding motif in [Au14(PPh3)8(NO3)4]
and the biicosahedral structure of [Au25(PPh3)10(SR)5Cl2]2+ have led to a better understanding
on cluster structuring. For the prediction of their stability the superatom complex model is
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a useful tool, nevertheless in some cases it does not apply for explanation. Herein stability is
explained by special geometrical motifs, like bridging ligands that bind in a multidentate way,
seen for example in [Au22(Ph2P(CH2)8PPh2)6].
A parameter to describe the electronic structure of such clusters is Egap. Typically four
different methods are considered for the estimation of Egap, which are DFT calculations, OES,
photoluminescence measurements and voltammetry measurements.
The value for Egap derived from DFT calculations depends on the used structure model as well
as on the choice of functional. Thus, an appropriate structure model has to be chosen. It could
be shown that structural simplifications e.g. the calculation of ionic clusters without counter
ions can have an effect on the calculated value for Egap. Therefore, DFT calculations should be
performed with the exact structure of the cluster if possible. In regard to recent benchmarking of
different functionals for the calculation of Egap of differently stabilized Au-clusters an appropriate
functional for the calculation of Egap might be the PBE functional, which together with TDDFT
calculations yielded values for Egap of differently stabilized Au-clusters comparable to band gap
values derived from optical measurements. Furthermore, for a reasonable assessment of the
calculated band gap values DFT calculations should always be accompanied by a comparison to
experimentally derived band gap data.
Optical measurements like OES and photoluminescence measurements are very useful for the
determination of Egap assuming that the measured transition occurs over Egap. Especially in
the case of OES, most authors do not give information on the kind of transition; thereby
no indication is given if the measured band gap value corresponds to Egap or to higher
energetic transitions. Whereas for photoluminescence measurements, a mechanism for the
transition is proposed, more conclusively showing a direct correspondence of Egap, pl and Egap.
Voltammetry experiments can give an approximation of Egap, if the charging term can be es-
timated and solvent, as well as side reactions are understood, which is complicated in most cases.
A comparison of the band gap data for each method with the Jellium, the square po-
tential box model and the Kubo model, shows that the discussed cluster species can not be
described by such a simple scaling law. Furthermore, the correlation of the data suggests a very
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strong structure dependence for Egap, independent of its estimation method.
The recent discovery of the water-soluble phosphine-stabilized Au-cluster [Au9(TPPMS)8]5-
shows no significant change of cluster structure and optical properties in comparison to
its TPP analog. Therefore, it is interesting to prove if stable water-soluble Au-clusters can
be synthesized, that are similar to the herein described non-water-soluble ones, by using
water-soluble phosphine, as well as diphosphine derivatives. This would further expand the field
of application for precisely characterized phosphine-stabilized Au-clusters to the aqueous media,
thereby for example allowing their use for biomedical applications.
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2.2 Bioactivity of usAuNP
For the development and application of new materials the understanding of their structure, as
well as their physical and chemical properties are of great importance. Possible applications in the
biomedical field always need to be accompanied with an assessment of their toxicity. Therefore,
a variety of different tests are utilized in order to evaluate the bioactivity or biocompatibility,
respectively of new materials. [110]
A first step in this screening process is the evaluation of the in vitro toxicity. The most commonly
used in vitro toxicity test are the proliferation assays. Here for example the reduction of a tetra-
zolium salt to a formazan dye is spectrophotometrically detected, as a measure of cell viability,
for example by the reduction of the 2,3-Bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-
5-carboxanilide disodium salt (XTT). The cell toxicity of a specific compound is than given as
half maximal inhibitory concentration (IC50), which is the compound concentration by which
half of the cells do not metabolize the tetrazolium salt anymore and are therefore regarded as
non-vital. The exact mechanism of the cell induced reduction is still unclear, but is believed to be
connected to the mitochondrial activity of the cell. [110,111] In recent years extensive research
has been conducted on the in vitro toxicity of AuNP, which is well summarized in different re-
views. [3,10–12]
As cytotoxicity tests do not reflect the toxic effect on complex biological systems, additional tox-
icity tests are necessary before materials can be tested in in vivo experiments. [13] One method
helping to bridge the gap between in vitro and in vivo experiments is the patch-clamp method.
This technique was first described by Erwin Neher and Bert Sakmann in 1976. [112] It can be
utilized for measuring currents through specific ion channels, thereby enabling the determination
of ion channel inhibition due to a test material. A commonly investigated ion channel is the hERG
potassium ion channel which is encoded by the hERG gene. This ion channel is highly expressed
in the heart muscle, mediating the rapid delayed rectifier K+ current and thereby regulating the
heartbeat. [113] An inhibition of the channel as an unwanted side-effect when on medication
leads to a prolonged interval between the Q- and T-wave of the cardiac cycle, known as long
QT syndrome (LQTS), which can ultimately lead to arrhythmia. [113] As blocking effects on the
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hERG ion channel bear a potential risk for clinical application of drugs, each drug candidate has
to be tested against hERG channel inhibition using the patch-clamp technique. [14]
In principal the patch-clamp technique utilizes a glass pipette, which has a narrow tip in the
micrometer range filled with electrolyte solution. The tip is brought into contact with the cell
surface and attached to the cell using suction, leading to a state with a high resistance in the
GΩ range, which is referred to as gigaseal formation. Upon further suction, the membrane patch
under the pipette tip is ruptured and the so called whole-cell configuration is achieved. In this
configuration, the currents through the whole plasma membrane can be measured. [114]
As an indication for the blocking effect of a compound, the decrease in hERG tail current
amplitude is detected. A schematic of different hERG ion channel states and their behavior upon
change of the membrane potential to positive (depolarization) or negative values (repolarization)
are given in Figure 2.16. [113]
Figure 2.16: Scheme of different states of the hERG ion channel upon de- and repolar-
ization. From the non-conducting closed state the ion channel slowly goes
into the open conducting state upon depolarization. Followed by a fast in-
activation of the ion channel upon further depolarization. All processes are
reversible upon repolarization. Reprinted by permission from Macmillan Pub-
lishers Ltd: Nature 440: 463-469, ©2006 [113].
According to the behavior of the cell upon depolarization and repolarization, a suitable pulse
protocol is applied. The pulse protocol and the response in cell current before and after application
of a hERG ion channel blocking compound are shown in Fig. 2.17
The cell, being in the closed state, is clamped from a holding potential of -70 mV to -80 mV for
0.2 s and further to -50 mV for 0.2 s. The latter step determines the leak current. The cell is
subsequently depolarized to +40 mV for 2 s, thereby slowly opening the channel. Concurrently,
the channel inactivates rapidly combined with the reduction of the outward conductance. The
cell is then repolarized to -50 mV, resulting in a rapid change from the inactivated into the open
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Figure 2.17: Left: Pulse protocol for the activation of the hERG tail current. Right: black
line: hERG tail current before compound application; red line: hERG tail
current after compound application, showing a strong blocking effect of the
applied compound.
conducting state, leading to a tail current peak. Afterwards the cell is clamped again to holding
potential. This process is repeated and the change of the hERG tail current amplitude is detected
with respect to time. The current diagram illustrated in Figure 2.17, shows a strong decrease in
hERG tail current after compound application, which indicates a strong blocking effect of the
compound.
A standard manual patch-clamp setup consists of a bath chamber filled with an extracellular
(EC) buffer, a compound in- and outlet, a reference Ag/AgCl electrode, a borosilicate glass
patch pipette filled with silver chloride solution/silver wire and an amplifier (see Fig. 2.18). A
light microscope is also needed for the visualization of the cell, as well as a computer to record
the electrical signals. [115]
For the measurement, cells are seeded on a cover slip which is positioned in the bath chamber.
The patch pipette is brought into contact with the cell surface. After gigaseal formation and
the achievement of a whole-cell configuration, the cell is positioned next to the perfusion entry
and perfused with EC, until such time that stable recording conditions are obtained. Having
established stable recording conditions, the cell is perfused with compound solution and its effect
on the ion channel is recorded. [114,115]
As the evaluation of the cardiotoxicity of new drugs has become mandatory before clinical studies,
there is a rising need for high throughput ion channel screening. Therefore different companies
have developed automated patch-clamp systems. [115] One of those systems is the CytoPatch™-
automated patch clamp system (Cytocentrics). In comparison to manual patch-clamp setups,
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Figure 2.18: Scheme of a typical manual patch-clamp setup consisting of a bath chamber
filled with EC buffer, a reference electrode, a patch pipette with Ag/AgCl
electrode, and an amplifier. Reprinted by permission from Macmillan Pub-
lishers Ltd: Nature Review Drug Discovery 7: 358-368, ©2008 [115].
the automated system uses a silicon chip consisting of a patch pipette, which is integrated into
a microfluidic channel system made out of quartz (see Fig. 2.19).
Figure 2.19: Scheme of the chip system in the Cytopatch™-automated patch clamp setup.
Adapted from Cytocentrics.
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Upon perfusion with cell suspension one cell is caught, analog to the manual setup. After
establishment of stable recording conditions the cell is perfused with the compound and a
possible change in hERG tail current amplitude can be observed. Cell suspension, EC buffer, as
well as compound solution are dosed automatically according to a software protocol. An outlet
channel gives the opportunity to collect samples after interaction of the compound with cell
and patch clamp setup for post-analytical analysis.
In 2013 Leifert et al. investigated the activity of Au1.4MS on the hERG ion channel.
The particles showed a strong irreversible blocking effect on the ion channel and an IC50 value
of 16.9 µM [Au] (concentration of 50 % channel inhibition). [19] A slow onset kinetic of the
blocking effect and the absence of a steady state (100 % block) characterize the blocking effect
of Au1.4MS. Reference experiments did exclude free TPPMS to be the blocking moiety. As
already discussed in chapter 1, same sized GSH- stabilized usAuNP show a lower cytotoxicity
than TPPMS-stabilized ones, which has been explained by the higher binding affinity of thiols
to Au in comparison to phosphines. [18] Therefore thiol-stabilized particles Au1.1GSH have
been tested in patch clamp experiments as well and did not show any inhibitory effect up to a
concentration of 300 µM [Au]. Those findings indicated that Au1.1GSH is shielded sufficiently
by the thiol ligands in order to prevent interaction with the ion channel, whereas Au1.4MS
might be able to strip off its ligand shell, leading to an interaction with the ion channel.
Furthermore, pre-incubating Au1.4MS with TPPMS and measuring the blocking efficiency
led to an inhibition of the blocking effect up to a limiting concentration of 25 µM TPPMS.
From 31P-NMR spectroscopy experiments it is known, that TPP-stabilized AuNP exhibit a
dissociation equilibrium of free TPP and cluster bound TPP in solution. [116] Assuming that
the accessibility of the Au-core is crucial for the inhibitory effect of Au1.4MS on the ion channel,
the addition of free TPPMS shifts this equilibrium, ultimately leading to a stronger shielded
Au-core. We further investigated this hypothesis by conducting Monte Carlo simulations on the
hERG ion channel and the Au1.4MS cluster using 0-12 TPPMS ligands on the Au-surface.
The simulations revealed that the particle is too big to be able to enter the inner cavity of
the channel. On the contrary, it is able to bind to the cavity entrance. The strongest binding
occurs for the sole Au-core, which is explained by the repulsion of the negatively charged cavity
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entrance and the negatively charged TPPMS molecules. The simulations also underlined the
idea of the “naked” Au-core being responsible for the blocking effect. [19]
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2.3 Transmission electron microscopy
Transmission electron microscopy (TEM) is a widely used characterization method in the field
of nanotechnology. It allows the imaging of the electron dense structure of nanoscale objects.
Briefly summarized; a transmission electron microscope is composed of an electron source,
a condenser system, the specimen stage, as well as an objective lens system and a detector. [117]
In standard transmission mode, the area of interest is irradiated with the electron beam
and the directly transmitted electrons are detected. For amorphous materials the contrast is
basically formed by mass and thickness of the sample. This means that samples with a high
atomic number (Z) and a high thickness exhibit a high contrast. Normally NP solutions are
dropcasted on thin carbon-coated Cu grids, because the thin amorphous carbon layer only shows
a weak background contrast. For crystalline samples, the electron diffraction contrast plays a
significant role and allows the determination of crystal structures from the obtained diffraction
patterns. [118]
Besides a sufficient contrast, a sufficient resolution of the TEM is important especially for the
imaging of very small NP. The resolution of a TEM is mainly limited due to spherical and
chromatic aberration caused by the objective lens system. Spherical aberration is an optical
defect that occurs for off-axis rays, which are strongly bent to the optical axis, thereby a point
object is imaged as a disk of finite size. This results in an imperfect image of the investigated
object and less detailed information upon magnification. [118] In order to enhance the resolution
of the TEM a spherical aberration corrector (Cs-corrector) is used, which reduces the spherical
aberration of the objective lens system. The basic idea behind the corrector is the creation of
negative spherical aberration, which compensates for the positive spherical aberration induced
by the objective lens. [119]
Chromatic aberration is another optical defect, that occurs mainly due to the interaction of
the electron beam with the sample, generating electrons with different energies. Depending on
their energy, these electrons are bent differently by the objective lens, which leads to the same
optical defect as is the case with spherical aberration. [118] One way to reduce the effect of
chromatic aberration and enhance the resolution of the TEM is the use of an energy filter.
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This energy filter only allows electrons without energy loss to pass the filter, thereby reducing
the amount of inelastically scattered electrons, which otherwise would impair the resolution. [120]
A second imaging mode is the scanning transmission electron microscopy (STEM), us-
ing a high-angle annular dark field (HAADF) detector. This entrails the electron beam scanning
over the sample and the transmitted electrons, which are scattered at high angles are detected.
In this case the NP are visible as bright regions against the dark background. As already stated
above the number of scattered electrons and thereby the contrast of the observed sample
dependents strongly on Z of the investigated material. With increasing Z, the contrast of the
NP in the image increases. Due to their high atomic number this method is most suitable for
AuNP. [118]
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3.1 Water-soluble monophosphine-stabilized usAuNP
As the synthesis of water-soluble monophosphine-stabilized usAuNP gives some key information
on Au-cluster characterization methods and crystallization techniques, these usAuNP will be
described first.
3.1.1 Crystallization of a mixed ligated Au-cluster
Gutrath et al. reduced [Au(TPPMS)Cl] with NaBH4 in the presence of mercaptopropionic acid
(MPA) in ethanolic solution. After evaporation of the solvent a greenish solid was obtained,
which was purified by column chromatography and ultrafiltration. The absorbance spectrum,
measured in H2O, showed distinct extinction maxima at 326, 373, 414 and 670 nm, which
is similar to the spectrum of the non-water-soluble Au25-clusters stabilized with TPP and
alkane thiols. 31P-NMR spectroscopy measurements, with a main resonance at 51.7 ppm
for the cluster, together with elemental analysis data led to an assumed constitution of
Na2[Au25(TPPMSNa)10(SC2H4COOH)5Cl2] · 5H2O. ESI-MS measurements supported these
findings. [22] Until now no crystal structure could be obtained. In this work different attempts
for the crystallization of the assumed Au25-cluster have been made. As the cluster did show a
size of 1.0 ± 0.1 nm in HAADF-STEM imaging [22], the cluster will be simply referred to as
Au1.0MS/MPA herein. Where 1.0 stands for the core size of 1 nm and MS as well as MPA
represent the stabilizing ligands TPPMS and MPA, respectively.
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3.1.1.1 Diffusion of non-solvent via gas phase
According to Wen et al. small phosphine-stabilized Au-clusters can be crystallized by diffusion of
a gaseous non-solvent into a solution of the cluster. [32] In order to test which non-solute was
most suitable for the crystallization of the cluster, a concentrated solution of the cluster in H2O
(c(cluster) = 5.5 mg/mL) was prepared. The solution was divided into three samples and each
was filled in a small beaker. These beakers were transferred into an amber glass bottle each,
which was either filled with MeOH, EtOH or 2-propanol. The samples were stored in the dark
for two weeks. After diffusion of the non-solute into the aqueous cluster solution, no precipitate
was formed in the case of MeOH and EtOH. For 2-propanol a powder was obtained, leading to
the conclusion that 2-propanol might be suitable for the crystallization of the cluster. A highly
concentrated solution of the cluster in H2O (A1) and from this three different dilutions (A2-A4)
were prepared. The cluster concentrations of the samples are summarized in Table 3.1.
Table 3.1: Concentration of different aqueous cluster solutions for diffusion experiments
with 2-propanol.
No. dilution c(cluster) / mg/mL
A1 - 33
A2 1:1 16.5
A3 1:4 6.6
A4 1:9 3.3
Each solution was filled into a small beaker, which was then transferred into an amber glass
bottle filled with 2-propanol. After one week, an amorphous precipitate had formed in the case
of samples A1, A2 and A3. The observation of an amorphous solid indicates that the samples
were too concentrated and therefore the crystallization process was too fast. The sample A4 did
show a very small amount of a powder, indicating a concentration which might be too low for
the formation of crystals. Therefore a cluster concentration of 4.7 mg/mL was chosen. After two
weeks, small needle shaped red structures were obtained, through the diffusion of 2-propanol
into the cluster solution (see Fig. 3.1).
Attempts to measure a single-XRD pattern of the obtained needles were not successful, as the
needles did not show single crystallinity and were very fragile upon mounting.
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0.1 mm
Figure 3.1: Small needle shaped structures, obtained via gas phase diffusion of 2-propanol
into an aqueous solution of Au1.0MPA/MS.
3.1.1.2 Diffusion of non-solute via liquid phase
As the standard method for the crystallization of small Au-clusters did not yield suitable crystals
for single XRD-analysis, another crystallization method was tested. Therefore a highly concen-
trated aqueous solution of Au1.0MS/MPA (B1), as well as three dilutions (B2-B4) have been
prepared (see Table 3.2).
Table 3.2: Concentration of different aqueous cluster solutions for diffusion experiments
with 2-propanol.
Experiment dilution c(cluster) / mg/mL
B1 - 30
B2 1:1 15
B3 1:2 10
B4 1:4 6
A small volume of each sample solution was filled in a cropped NMR tube, covered with a thin
layer of H2O and a 3-fold excess of 2-propanol and stored upright at 4 ℃ in a polystyrene box,
to slow down the diffusion process. Additionally, a small glass rod was inserted into sample B1.
After one month red crystals with dimensions in the 100 µm range were obtained for samples
B1-B3. In sample B4 no precipitate was obtained. Figure 3.2 shows an image of the obtained
crystals.
In order to prove that the crystals are composed of the desired Au25-cluster, which itself is
constituted of Au, Na, P, S, Cl, C, O, H, qualitative EDX measurements were conducted. A
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0.1 mm
Figure 3.2: Image of crystals, obtained via liquid diffusion of 2-propanol into an aqueous
solution of Au1.0 MPA/MS.
HAADF-STEM image of a part of one crystal together with the EDX spot spectrum of the crystal
and the background signal are shown in Fig. 3.3 a), b) and c). Furthermore, a magnification of
the low energy region of the spectrum is shown in Figure 3.3 d).
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Figure 3.3: HAADF-STEM images for the spot spectrum of a) the background signal and
b) the crystal (the red crosshair indicates the measured spot). As well as c) the
EDX spectrum of the background signal (red line) and the measured crystal
(black line) between 0-20 keV and d) the magnification of the low energy
region of the EDX spectrum between 0-3 keV.
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The observed signals are summarized in Table 3.3, together with the corresponding literature
values and the type of transition.
Table 3.3: X-ray transition energies and type of transitions for Au1.0MS/MPA crystal
observed with EDX analysis.
Observed signal / keV Literature value [121] / keV Type of transition Element
0.26 0.28 Kα C
1.05 1.04 Kα1 Na
2.00 2.01 Kα2 P
2.14 2.15 Mα1 Au
2.29 2.31 Kα2 S
2.61 2.62 Kα Cl
2.80 2.82 Kβ Cl
4.51 4.51 Kα1 Ti
8.05 8.05 Kα1 Cu
8.50 8.49 L1 Au
8.91 8.91 Kβ1,2 Cu
9.71 9.71 Lα1 Au
11.46 11.44 Lβ1 Au
13.38 13.38 Lγ1 Au
It is clearly observable that the crystal contains Au, as its Lγ1, Lβ1, Lα1, L1 and the Mα1-lines are
visible in the spectrum. Furthermore, the Kα and Kβ line of Cl are observed. At the low energy
end of the spectrum (Fig. 3.3 d)) the Kα1 line for Na is detected, as well as possible signals for
the Kα2 transition of P and the Kα2 transition of S, which overlap with the broad Au signal at
2.14 keV. A signal for the Kα line of C is also detected but might be caused by the carbon coated
Cu-grid. No oxygen was observed, therefore the EDX analysis gives a strong hint that the crystal
is constituted of the desired cluster. Signals for Ti and Cu arise from the TEM holder and the
copper grid.
In order to further investigate the crystals, they were measured with single-crystal XRD analysis.
Upon removal from the mother liquor the obtained crystals were very fragile and decomposed
quickly. Therefore crystals of suitable size were sustained in oil and mounted quickly on the
diffractometer. Although a diffraction pattern showing single crystallinity was observed, the
diffraction resolution was even too low to be able to determine the Au-core structure. After
one hour measuring time the diffraction pattern indicated a decomposition of the crystals. A
possible reason for the low resolution pattern might be a high amount of solvent molecules in
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the unit cell of the crystal, which resulted in solvent evaporation upon exposure to air, thus
explaining the fast decomposition.
Thus, no crystal structure could be obtained for Au1.0MS/MPA. Nonetheless, due to the
consistent data obtained by NMR-spectroscopy, ESI-MS measurements and elemental analysis,
Au1.0MS/MPA was used in further biocompatibility experiments (see chapter 3.5), .
3.1.2 Synthesis of a water-soluble Au9-cluster
The new product of the reduction of [Au(TPPMS)Cl] in the presence of MPA revealed two
other fractions next to the mixed ligated Au25-cluster in gel electropheresis experiments. One
of those fractions showed an absorbance pattern in solution very similar to that of the cluster
cation [Au9(PPh3)8)]3+. Following isolation of this fraction with fractional precipitation from a
H2O/2-propanol mixture, small orange-red crystals were obtained. Due to the small size and
the high amount of crystal water in the crystals, only the core structure of the cluster could be
determined. On the basis of the crystal structure and the used starting materials a cluster with
the molecular formula Na8-x[Au9(TPPMS)8]Cl3-x · 16H2O (0 ≤ x ≤ 3, n ≈ 16) was proposed
(see chapter 2.1.2 for crystal structure). By measuring the longest Au-Au distance in the crystal
structure and adding the diameter of two Au-atoms, an overall Au-core diameter of 1.1 nm is
obtained and thus the cluster will be abbreviated as Au1.1MS in the following.
As the obtained cluster was only a side product of the reaction, the yield was low and not
sufficient for further analytical methods such as, for example, NMR spectroscopy. Hence the
reaction was conducted under the same conditions, but without MPA. This reduction yielded a
dark red solid, which was further purified by repeated precipitation from an aqueous phase with
acetone and isolation by centrifugation. Orange-red crystals could be obtained by diffusion of
2-propanol into an aqueous solution of the cluster (see Fig. 3.4).
Although the crystals were slightly bigger in size, the resolution of the diffraction pattern was
not improved, thereby leading to the same crystal structure as shown in Fig. 2.3 in chapter 2.1.2.
Qualitative EDX analysis (Fig. 3.5) on one crystal revealed the presence of C, Cl, Na, S besides
Au and P.
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0.4 mm
Figure 3.4: Image of red crystals of Au1.1MS. Crystals were obtained via liquid diffusion
of 2-propanol into an aqueous solution of Au1.1MS.
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Figure 3.5: SEM image for the spot spectrum of a Au1.1MS crystal (the red crosshair
indicates the measured spot). As well as b) the EDX spot spectrum of the
measured crystal between 0-20 keV and c) the magnification of the low energy
region of the EDX spectrum between 0-3 keV.
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The data is summarized in Table 3.4 and shows signals similar to those already observed for
Au1.0MS/MPA (see chapter 3.1.1.2), thereby validating the assumed molecular formula found
for the side product of the reaction with MPA.
Table 3.4: X-ray transition energies and type of transitions for Au1.1MS observed with
EDX analysis.
Observed signal / keV Literature value [121] / keV Type of transition Element
0.26 0.28 Kα C
1.04 1.04 Kα1 Na
2.03 2.01 Kα2 P
2.14 2.15 Mα1 Au
2.28 2.31 Kα2 S
2.62 2.62 Kα Cl
2.82 2.82 Kβ Cl
9.70 9.71 Lα1 Au
11.48 11.44 Lβ1 Au
The absorbance spectrum of one crystal dissolved in H2O is shown in Fig. 3.6 a) and shows
absorbance peaks at 315, 350, 374-399 and 446 nm, which are consistent with those found for
the side product from the reduction with MPA.
1H-NMR and 31P-NMR (Fig. 3.6 b) and c)) were measured. The P-atoms of the TPPMS ligands
are bound to the Au-cluster visible by a broad singlet at 57.23 ppm (chemical shift of pure
TPPMS equals -6.3 ppm, see chapter 5.6.1). [63] This signal furthermore exhibits a similar shift
as the signal of the non-water-soluble cluster [Au9(PPh3)8](NO3)3 (56.9 ppm), thus confirming
structural similarity of the clusters. [32] The 1H-NMR spectrum shows broadend multiplets in
the aromatic region at 6.43, 6.78, 7.16, 7.20 and 7.44 ppm, respectively, which represent the 14
aromatic protons of the Au-bound TPPMS ligands. This is validated by the integration values.
The line broadening effect for the resonances in 1H-NMR and 31P-NMR spectroscopy of cluster
bound phosphine might be primarily ascribed to an inhomogeneous chemical shift environment
for the phosphine ligands on the Au-cluster surface in solution. [122] A broad peak around 0 ppm
is caused by an impurity in the NMR machine, which is only detected for low concentrated
samples. This signal can also be found in other spectra in the upcoming chapters.
Further experiments were conduced to optimize the crystallization process for the production of
larger single crystals for single-XRD analysis. A saturated solution of Au1.1MS was prepared in
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Figure 3.6: a) Absorbance spectrum of Au1.1MS in H2O, as well as b) 1H-NMR spectrum
and c) 31P-NMR spectrum of Au1.1MS in D2O at RT. The solvent signal is
marked with a *.
H2O and a non-solute diffused into the cluster solution as described in chapter 3.1.1.1. Table
3.5 sums up the results from these tests.
Table 3.5: Summary of the observation for the crystallization attempts for Au1.1MS with
different non-solutes.
Solvent Non-solute Outcome
H2O acetone brown powder
H2O MeOH no precipitate
H2O EtOH amorphous brown solid
H2O 2-propanol small crystals / polycrystalline
Additional experiments have been conducted by cooling a highly concentrated solution
(c(cluster) = 30 mg/mL) of the cluster in MeOH to -27 ℃. No precipitation was observed.
The addition of a 10-fold excess (referred to the molar amount of Na+-ions in the cluster) of the
divalent Ca2+-ion did not lead to any precipitation of the cluster either in H2O nor in MeOH.
As already described in chapter 3.1.1.2, another suitable method might be the diffusion of
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a non-solute into an aqueous solution of the cluster via the liquid phase. Therefore a highly
concentrated solution (c(cluster) = 35 mg/mL, C1) of the cluster was prepared. From this
stock solution three dilutions were prepared (C2-C4), all concentrations are provided in Table
3.6. After transferring 50 µL of each of the four solutions into a cropped NMR tube, a layer of
10 µL H2O and 300 µL of 2-propanol were added. The samples were stored at 4 ℃. After four
weeks no precipitation was observed in any of the samples.
Table 3.6: Dilution and concentration of different solutions of Au1.1MS for crystallization
with 2-propanol in a cropped NMR tube.
No. Dilution c/mg/mL
C1 Stock solution 35
C2 1:1 17.5
C3 1:2 11.7
C4 1:4 7.0
The obtained cluster Au1.1MS was used in further biocompatibility experiments (see chapter
3.5). Furthermore, the analytical data for Au1.1MS was partly published in [21].
3.2 Synthesis of diphenylphosphine ligands
In order to obtain water-soluble diphosphine ligands for the synthesis of diphosphine-stabilized
usAuNP, different commercially available bis(diphenylphosphino)alkanes have been sulfonated by
a sulfonation reaction in analogy to Lucey et al. and precipitated as the corresponding sodium
salts (see Scheme 3.1). [123]
P
P
NaO3S
SO3Na
SO3NaNaO3SP
P
n
1. 30% oleum, 48 h, 
room temperature
2. NaOH, ice cooling
n = 1, 2, 3, 4, 5n = 1, 2, 3, 4, 5
n
Scheme 3.1: Sulfonation of bis(diphenylphosphino)alkanes of different alkyl chain lengths
n, resulting in tetrasulfonated bis(diphenylphosphino)alkanes.
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The structure, IUPAC name, as well as the abbreviation of the synthesized ligands are given in
Table 3.7.
Table 3.7: Structure, IUPAC name and abbreviation for the sulfonation reaction products.
P
P
NaO3S
SO3Na
SO3NaNaO3S n
n IUPAC name Abbrev.
1 Sodium 3,3’,3”,3’’’-(ethane-1,2-diylbis(phosphanetriyl))-tetrabenzenesulfonate DPPETS
2 Sodium 3,3’,3”,3’’’-(propane-1,3-diylbis(phosphanetriyl))-tetrabenzenesulfonate DPPPTS
3 Sodium 3,3’,3”,3’’’-(butane-1,4-diylbis(phosphanetriyl))-tetrabenzenesulfonate DPPBTS
4 Sodium 3,3’,3”,3’’’-(pentane-1,5-diylbis(phosphanetriyl))-tetrabenzenesulfonate DPPPeTS
5 Sodium 3,3’,3”,3’’’-(hexane-1,6-diylbis(phosphanetriyl))-tetrabenzenesulfonate DPPHTS
As already shown in literature DPPETS, DPPPTS and DPPBTS are synthesized in oleum in
good purity, despite an insignificant amount of diphosphine oxide impurities, detected by NMR
spectroscopy. [123,124] Adopting the same synthesis route to ligands with a longer alkyl chain
(DPPPeTS and DPPHTS), higher amounts of concentrated sulfuric acid had to be used in order
to dissolve the educts. All other conditions were maintained, leading to products with conclusive
NMR and elemental analysis data, but a higher degree of oxide impurities (4 mol% for DPPPeTS
and 5 mol% for DPPHTS) than for the shorter ligands. Attempts to recrystallize DPPPeTS and
DPPHTS from MeOH/H2O mixtures under Ar atmosphere did not lead to improved purity.
Nevertheless, DPPPeTS and DPPHTS were used as obtained for the direct synthesis of usAuNP
(see chapter 3.4.3.4 and 3.4.3.5).
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3.3 Synthesis of mono- and dioxide of DPPBTS
Most of the upcoming synthesis experiments have been conducted using DPPBTS as stabilizing
ligand, as it showed the most promising results in earlier particle synthesis experiments. [124] In
order to achieve a better understanding of their 31P-NMR spectra, DPPBTS was selectively oxi-
dized with H2O2 to gain sodium 3,3’-((4-(bis(3-sulfonatophenyl)phosphanyl)butyl)phosphoryl)di-
benzenesulfonate (DPPBTS=O) and sodium 3,3’,3”,3’’’-(butane-1,4-diylbis(oxo-phosphane-
triyl))tetrabenzenesulfonate (DPPBTS=O2) (see Scheme 3.2).
P
P
SO3Na
SO3NaNaO3S
NaO3S
1 eq. H2O2
2 eq. H2O2
P
P
O
O
SO3Na
SO3Na
NaO3S
NaO3S
P
P
O
SO3Na
SO3Na
NaO3S
NaO3S
Scheme 3.2: Oxidation of DPPBTS with 1 and 2 eq. of H2O2 to yield DPPBTS=O and
DPPBTS=O2.
The corresponding 1H- and 31P-NMR spectra (see Fig. 3.7) allow the identification of the com-
pounds in more complex 31P-NMR spectra of the AuNP.
After conversion of DPPBTS with 1 eq. of H2O2, the 31P-NMR spectrum (see Fig. 3.7 c)) shows
four singlets at -15.35, -15.28, 40.19 and 40.63 ppm, respectively. The signal at -15.28 ppm corre-
sponds to unoxidized DPPBTS (-15.2 ppm, see chapter 5.6.2). Signals at -15.35 and 40.63 ppm
show an integration ratio of 1:1 and are assigned to the monoxide of DPPBTS (DPPBTS=O).
The deshielding effect of the oxide to one of the P-atoms leads to a strong downfield shift from
-15.2 to 40.63 ppm, whereas the non oxidized P-atom nearly keeps its chemical shift. The dis-
crepancy between the chemical shift of the non-water-soluble monoxide of DPPB (32.3 ppm)
and the water-soluble derivative (40.63 ppm) is explained with a downfield shift induced by the
sulfonate groups on the aromatic rings of the phenyl groups and additional solvent effects. [125]
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Figure 3.7: 1H-NMR spectra of the conversion product of DPPBTS with a) 1 and b) 2 eq.
H2O2, as well as 31P-NMR spectra of the conversion product of DPPBTS with
c) 1 and d) 2 eq. H2O2 in D2O at RT.
Due to the long alkyl chain no coupling of the P-atoms is observed. [126]
The signal at 40.19 ppm corresponds to the dioxide of DPPBTS (DPPBTS=O2), is confirmed
by the 31P-NMR spectrum of the reaction with 2 eq. of H2O2, which only shows one singlet at
40.21 ppm and no DPPBTS (see Fig. 3.7 d)). The 1H-NMR spectrum of DPPBTS=O2 (see Fig.
3.7 b)) further supports these findings as it solely shows two broad singlets at 1.51 and 2.44 ppm,
belonging each to four protons of the butyl chain of DPPBTS=O2. Furthermore, three multi-
plets are observed in the aromatic region at 7.52, 7.54 and 7.93 ppm, which are assigned to
the 16 protons on the phenyl rings of DPPBTS=O2. All signals exhibit the expected integration
ratios. The 1H-NMR spectrum in Fig. 3.7 a) shows 4 singlets in the alkyl proton region between
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1-3 ppm. The signals at 1.37 and 2.02 ppm correspond to the alkyl protons of the unoxidized
phosphine group (1.43 and 2.08 ppm, see chapter 5.6.2), whereas the signals 1.51 and 2.44 ppm
are assigned to the alkyl protons of DPPBTS=O2. The alkyl protons of the 4 CH2 groups of
DPPBTS=O possibly overlap with one of the four signals each, which would explain the lack
of two additional singlets for DPPBTS=O in this region. Several multiplets are observed in the
aromatic region of the spectrum between 7.3-8 ppm, which result from the overlap of the phenyl
proton signals of DPPBTS=O, DPPBTS=O2 and DPPBTS.
3.4 Synthesis of diphosphine-stabilized usAuNP
3.4.1 Strategy
For the synthesis of diphosphine-stabilized usAuNP three main approaches were conducted:
1. Synthesis of defined Au-DPPBTS-complexes, due to ligand exchange on the tetrahydroth-
iophene (THT)-stabilized Au(I)-complex [Au(THT)Cl] with DPPBTS, for subsequent re-
duction with NaBH4.
2. Direct synthesis through reduction of AuCl3 with NaBH4 in the presence of DPPXTS
(X = E, P, B, Pe, H) ligands.
3. Ligand exchange on different molecular defined TPP-stabilized Au-clusters with DPPXTS
(X=P, B) in a two phase system of DCM and H2O.
3.4.2 Synthesis of Au(I)-DPPBTS-complexes
Different working groups describe the synthesis of non-water-soluble diphosphine-stabilized Au-
clusters due to the reduction of molecular defined Au(I)-diphosphine complexes with NaBH4. [34,
35,86,109] Thus, it was attempted to synthesize similar water-soluble Au-complexes as precursors
for cluster formation reactions.
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3.4.2.1 Ligand exchange reaction on [Au(THT)Cl] with DPPBTS
Bernes-Price et al. synthesized and isolated different kinds of non-water-soluble diphosphine-
stabilized Au(I)-complex structures. A two-coordinate complex, in which two Au-atoms each
bind to a chloro ligand and are bridged by a diphosphine species (see Scheme 3.3 a)), was
isolated by in situ generation of a Au(I)-thioether-complex and subsequent ligand exchange
with 1/2 eq. of the corresponding diphosphine. After addition of 1 eq. of diphosphine ligand
a three-coordinate Au(I)-species, in which one Au-atom binds to one P-atom of each of the
two diphosphine ligands, as well as to one chloro ligand, was obtained (see Scheme 3.3 b)).
Furthermore, a four-coordinate Au(I)-species, where both diphosphine ligands bind to one Au-
atom building a monovalent cationic Au(I)-complex (see Scheme 3.3 c)) was isolated, by the
addition of 2 eq. of free diphosphine ligand. [127,128]
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Scheme 3.3: Differently coordinated Au(I)-diphosphine complexes: a) two-coordinate; b)
three-coordinate; c) four-coordinate.
This idea has been taken up by Brandys et al., who synthesized a non-water-soluble
diphosphine-stabilized Au(I)-complex by a similar reaction. The addition of 0.5 eq.
Bis(diphenylphosphino)methane (DPPM) to a solution of 1 eq. [Au(THT)Cl] in acetone
yielded a DPPM bridged two-coordinate Au(I)-complex of the composition [(AuPPh2Cl)2CH2].
Due to the lower binding strength of the thioether to the Au-atom in comparison to the
phosphine groups, a fast and quantitative ligand exchange was observed. [129]
Therefore, [Au(THT)Cl] was synthesized according to Ahrland et al. and was obtained in good
quality and yield. [130] As a result of the fact that DPPBTS is not soluble in acetone, 2 eq.
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[Au(THT)Cl] were suspended in MeOH and an aqueous solution of 0.5 eq. DPPBTS was added.
The reaction was conducted at RT in an inert atmosphere. After evaporation of the solvent,
subsequent washing with DCM, as well as with pentane and drying in vacuum, a yellow-orange
solid was obtained. The solid was dissolved in H2O under air and a slight reddish solution
formed, which was analyzed with OES, 1H- and 31P-NMR spectroscopy (see Fig. 3.8).
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Figure 3.8: a) Absorbance spectrum in H2O, as well as b) 1H-NMR and c) 31P-NMR
spectrum for the reaction product of the conversion between [Au(THT)Cl]
and 0.5 eq. of DPPBTS in D2O at RT. The solvent signal is marked with a *.
A broad absorbance maximum with low intensity at 544 nm is observed for the aqueous solution
of the reaction product (see Fig. 3.8 a)). The peak might be caused by a plasmon resonance
due to the formation of AuNP with a size above 2 nm. [131] This points to a decomposition of
the reaction product upon dilution with H2O.
Furthermore, a comparison of the proton-singlets for the CH2 groups of free DPPBTS (1.43
and 2.04 ppm) to the 1H-NMR spectrum of the reaction product (see Fig. 3.8 b)), shows
multiple signals that are downfield shifted. This indicates a bond between ligand and Au, as
Au leads to a deshielding and a downfield shift for the alkyl-proton signals in diphosphine
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Au(I)-complexes. [128,132] The appearance of more than two signals in this region further
suggests the formation of different Au-diphosphine species. A broad multiplet is observed
between 7-8 ppm, which corresponds to the aromatic protons of the different complex species.
31P-NMR spectroscopy (see Fig. 3.8 c)) shows different signals between 30-40 ppm, with one
broad main singlet at 30.38 ppm. As the 31P-NMR spectrum of non-water soluble DPPE bridged
Au(I)-diphosphine-complexes like for example[(AuCl)2(DPPE)], show broadened chemical shifts
between 30-34 ppm [127], the spectrum indicates the formation of bridged Au(I)-DPPBTS-
complexes. A signal at 40.21 ppm indicates the formation of small amounts of DPPBTS=O2
(see chapter 3.3), no signal for uncoordinated DPPBTS (-15.2 ppm) is observed. However, the
reaction product seems to be unstable in H2O. Therefore the reaction product was dissolved
in degassed H2O in order to exclude any influence of oxygen on its stability. Upon addition of
a small amount of degassed H2O to the reaction product, it decomposed in the same way as
was observed under air. The same behavior was observed after dissolving the solid in degassed
MeOH. Due to its decomposition in H2O and MeOH, the reaction product was not further
investigated.
Considering the stoichiometry of the three- and four-coordinate species (Fig. 3.3 b),c)),
there might be the possibility to obtain such Au(I)-complex structures by adapting the molar
ratio of DPPBTS to [Au(THT)Cl]. Therefore reactions with a molar ratio of 1:1 and 2:1
DPPBTS to [Au(THT)Cl] were conducted, applying the same reaction conditions as described
for the ligand exchange with 0.5 eq. DPPBTS.
For an equimolar ratio of DPPBTS to [Au(THT)Cl] a yellow-white precipitate formed after
washing with DCM and pentane and drying in vacuum. The precipitate was characterized using
OES, 1H- and 31P-NMR spectroscopy. Figure 3.9 a) shows the absorbance spectra of an aqueous
solution of the reaction product. Absorbance features at 271 nm and 279 nm are observed for
the reaction product (see Fig. 3.9 a)). Non-water-soluble diphosphine-stabilized Au(I)-complexes
with similar ligands exhibit absorbance features in a range between 249-293 nm. [133,134] Thus,
the observed spectra suggest the formation of diphosphine-stabilized Au(I)-complexes.
The 1H-NMR spectrum is shown in Fig. 3.9 b). The observed signals in the alkyl-proton region
are shifted downfield in comparison to the signals of the free ligand, indicating the formation
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Figure 3.9: a) Absorbance spectrum in H2O, as well as b) 1H-NMR and c) 31P-NMR
spectrum for the reaction product of the conversion between [Au(THT)Cl]
and 1 eq. of DPPBTS in D2O at RT. The solvent signal is marked with a *.
of Au(I)-diphosphine complexes, as has already been discussed. Only two singlets are observed
in the alkyl-proton region, and together with the proton signals in the aromatic region, they
exhibit the expected integration values for DPPBTS. This indicates the formation of only one
Au-DPPBTS-species.
The 31P-NMR spectrum (see Fig. 3.9 c)) of the reaction product shows one main broad
singlet at 42.97 ppm. Thereby confirming the findings from 1H-NMR spectroscopy. Typically
three-coordinate non-water soluble Au(I)-diphosphine complexes show signals between 30-
40 ppm. [127,128] Crystallization attempts from an aqueous solution with different alcohols
were not successful. As the exact structure of the complex could not be determined, the reaction
product was not used any further.
Using an excess of 2 eq. DPPBTS compared to 1 eq. of [Au(THT)Cl] a brownish solid
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is obtained after washing with DCM and pentane and drying in vacuum. It was analyzed with
OES, 1H-NMR and 31P-NMR spectroscopy (see Fig. 3.10).
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Figure 3.10: a) Absorbance spectrum in H2O, as well as b) 1H-NMR and c) 31P-NMR
spectrum for the reaction product of the conversion between [Au(THT)Cl]
and 2 eq. of DPPBTS in D2O at RT. The solvent signal is marked with a *.
The optical absorbance spectrum shows one absorbance shoulder at 275 nm, suggesting the
formation of DPPBTS-stabilized Au(I)-complexes, as discussed before.
1H-NMR spectroscopy shows different broad singlets in the alkyl-proton region, which are mostly
downfield shifted according to the free ligand, indicating the formation of Au-P bonds and a
mixture of different Au-DPPBTS-species.
The 31P-NMR spectrum of the reaction product shows a strong signal at 10.63 ppm, as well as
a variety of signals between 38.45 to 42.90 ppm with different intensities. As already discussed
before, the signals above 30 ppm might correspond to bridged Au(I)-DPPBTS-complexes. Again
a small amount of DPPBTS=O2 is observed at 40.21 ppm.
In comparison to all other signals, the singlet at 10.63 ppm is strongly broadend and cannot
be assigned to a Au(I)-complex or free ligand by comparison to literature values. Diphosphine-
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stabilized Au(I)-complexes typically show exchange dynamics in solution indicated by strongly
broadend peaks that split into multiple peaks at low temperatures. [127,128] Therefore, the
reaction product was dissolved in a mixture of 1:1 MeOD:D2O and a 31P-NMR spectrum under
inert gas was measured at RT and -40 ℃ (see Fig. 3.11).
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Figure 3.11: 31P-NMR spectra at a) RT and b) -40 ℃ of the reaction product of the
conversion between [Au(THT)Cl] and 2 eq. of DPPBTS in a 1:1 mixture
MeOD:D2O.
Upon cooling to -40 ℃ the broad singlet at 10.68 ppm vanishes and splits into two triplets at
-1.03 and 19.39 ppm (see Fig. 3.11 b)) with a P-P coupling constant of 80 Hz and the same
integration values. All other signals remain at the same chemical shift. The splitting of the broad
singlet after cooling, indicates the presence of a fast equilibrium between different Au(I)-species at
RT. Whereas the presence of two triplets, that couple with each other, suggests the stabilization
of one of those species due to cooling. Berners-Price et al. reported an equilibrium between two
monomeric four-coordinate diphoshpine Au(I)-complexes and a dimeric species at RT, indicated
by a singlet for the monomeric species and two broad multiplets, coupling over the Au-atoms, for
the dimeric species. [135] The equilibrium between monomer and dimer is schematically shown
in Scheme 3.4.
The monomeric species exhibits only chemically and magnetically equivalent P-atoms, which
results in the formation of a singlet in the 31P-NMR spectrum. Whereas the dimeric species
exhibits two sets of chemically and magnetically equivalent P-atoms, the chelating (Pa) and
the bridging (Pb) P-atoms. By coupling over the Au-atom, this results in two triplets with
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Scheme 3.4: Chemical equilibrium between 2 monomeric four-coordinate Au(I)-
diphosphine-complexes and a dimeric Au(I)-diphosphine-complex.
identical integration values (each triplet belonging to 4 P-atoms), which fits very well to the
observations made in the 31P-NMR spectra (see Fig. 3.11) herein. Furthermore, Berners-Price
et al. reported a mixed ligated four-coordinate Au(I)-complex which showed a P-P coupling over
the Au-atom of 2JP−P = 52 Hz. The found coupling herein (80 Hz) might therefore correspond
to a 2J-coupling of the P-atoms over one Au-atom. Thus, the observed behavior of the signal
at 10.68 ppm in the 31P-NMR spectrum after cooling is explained by an equilibrium between
two monomeric-complexes [Au(DPPB)2]+ and a dimeric-complex [Au2(DPPB)4]2+. Wherein
the dimer shows higher stability at low temperatures compared to the monomer. The higher
stability of the dimer upon cooling in comparsion to the two monomer units might be explained
by a lower amount of energetically unfavorable seven-membered rings in the dimer structure
compared to the two monomer units. [128]
Neither the monomer nor the dimer could be separated from the reaction mixture, which might
be caused by their low stability at RT and similar solubilities of the obtained Au(I)-DPPBTS-
complexes. Thus, the reaction mixture was not used in further experiments.
As the synthesis and isolation of stable structurally defined Au(I)-DPPBTS complexes
was not successful, a direct synthesis approach was conducted.
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3.4.3 Direct synthesis approach with AuCl3
Earlier results of my diploma thesis [124] showed that the reduction of HAuCl4 · 3H2O in the
presence of 1 eq. of DPPBTS in a MeOH/H2O mixture yielded small Au-clusters with a par-
ticle core diameter of around 1 nm. Those diphosphine-stabilized usAuNP exhibited indistinct
31P-NMR spectra with different non-attributable signals and could not be isolated as a defined
molecular compound. [124] As the used solvent effects the synthesis of AuNP, in this work AuCl3
will be reduced with NaBH4 in the presence of 1 eq. of diphosphine ligands with different alkyl
chain lengths (DPPXTS, X = E, P, B, Pe, H) in MeOH instead of a MeOH/H2O mixture. The
reaction was conducted under Ar, as results by Pettibone et al. showed a strong effect of O2
on the product formation for the reduction of non-water-soluble diphosphine-stabilized Au(I)-
complexes. [136]
Reduction of AuCl3 yielded a colored precipitate for all diphosphine ligands. The formed precipi-
tate was isolated by centrifugation, dissolved in H2O and filtered through an Anotop® -filter. After
evaporation of the solvent in vacuum, the remaining residue was analyzed by OES, 1H-NMR and
31P-NMR spectroscopy. Further purification was followed by additional HRTEM analysis as well
as AFM analysis. As the reaction with DPPBTS was investigated in detail, it will be described
first.
3.4.3.1 DPPBTS
After addition of DPPBTS to a methanolic AuCl3 solution, a suspension forms and a color change
of the suspension from orange to colorless is observed within 2 h, indicating the reduction from
Au(III) to Au(I). A reference experiment was conducted, in which the generated mixture of AuCl3
and DPPBTS was analyzed by 1H-NMR and 31P-NMR spectroscopy in D2O under Ar (see Fig.
3.12).
The 31P-NMR spectrum (Fig. 3.12 b)) shows small singlets around 30 ppm, as well as a variety
of singlets between 39.34 and 43.01 ppm. A comparison to the 31P-NMR spectrum for the at-
tempted synthesis of a Au(I)-DPPBTS complex (see Fig. 3.10), reveals the formation of different
Au(I)-DPPBTS complexes. Furthermore, a signal for DPPBTS=O2 is observed at 40.12 ppm,
as DPPBTS serves as reducing agent for Au(III) and is thereby partially oxidized. Due to the
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Figure 3.12: a) 1H-NMR- and b) 31P-NMR spectrum after addition of 1 eq. DPPBTS to
a solution of AuCl3, measured in D2O at RT. The solvent signal is marked
with a *.
lack of a resonance at -15.2 ppm, no free DPPBTS was observed in the reaction mixture. The
1H-NMR spectrum (see Fig. 3.12 a)) exhibits different broad singlets between 1.6 and 3 ppm,
that are shifted downfield in comparison to the singlets observed for the CH2 protons of the free
ligand. Thereby indicating the formation of Au(I)-DPPBTS species and confirming the findings
from the 31P-NMR spectrum. The broad multiplet between 7.4 and 8.09 ppm, is assigned to the
aromatic protons of different diphosphine Au-species.
After reduction of the colorless Au(I)-DPPBTS suspension with NaBH4, the color of the sus-
pension changed to brown-red and a dark red solid precipitated. The isolated precipitate did
show two distinct absorbance maxima at 298 and 422 nm, as well as a broad shoulder between
477-584 nm in the absorbance spectrum (see Fig. 3.13 a)). Depicting the formation of small
Au-cluster species.
In the 31P-NMR spectrum (see Fig. 3.13 c)) of the raw product, one main resonance at 53.44 ppm
was observed which is strongly broadened. Due to shift and shape of the signal this indicates the
formation of a DPPBTS-stabilized molecular Au-cluster. As no signal for uncoordinated DPPBTS
is found in the spectrum, the ligand is bound in a chelating way to the Au-cluster surface. A
signal for DPPBTS=O2 is observed at 40.22 ppm and a signal at 42.98 ppm, indicating the
formation of a Au(I)-complex species (see chapter 3.4.2.1). Further signals around 40 ppm and a
broad singlet at 38.55 ppm might arise from different Au(I)-complex species, as discussed already
for the reference spectrum (see Fig. 3.12 c)).
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Figure 3.13: a) Absorbance spectrum in H2O, as well as b) 1H-NMR and c) 31P-NMR
spectrum for the reaction product of the reduction of the Au(I)-DPPBTS-
mixture with NaBH4 in D2O at RT. The solvent signal is marked with a
*.
The analysis of the raw product with 1H-NMR spectroscopy (see fig 3.13 b)) shows two broad
singlets at 1.93 and 2.42 ppm, having the same integration values. Due to the strong downfield
shift of these signals in comparison to free DPPBTS they are assigned to the CH2 protons of
a DPPBTS ligand on a Au-cluster surface. A few other singlets with low integration value can
be found between 1-3 ppm, most likely belonging to the CH2 protons of DPPBTS bound to
Au(I)-diphosphine complex impurities. Furthermore, we observe a broad multiplet between 7.38 -
8 ppm and a new signal at 6.37 ppm was observed belonging to the aromatic protons of different
diphosphine-stabilized species.
For further purification, the raw product was dissolved in H2O, precipitated with EtOH several
times and isolated by centrifugation, to get rid of low molecular impurities. The resulting precipi-
tate was analyzed with OES, HRTEM, AFM and NMR spectroscopy. As shown in Fig. 3.14 a) no
change in the absorbance spectrum of the aqueous solution is observable after purification. Nev-
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ertheless, the 31P-NMR spectrum shows a reduction of the number of signals after purification
(see Fig. 3.14 c)).
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Figure 3.14: a) Absorbance spectrum in H2O, as well as b) 1H-NMR and c) 31P-
NMR spectrum for the purified reaction product of the reduction of Au(I)-
DPPBTS-mixture with NaBH4 in D2O at RT. The solvent signal is marked
with a *.
A broad singlet at 53.22 ppm for the cluster bound diphosphine and a broad signal at 37.69 ppm
are present. The broadened nature and the strong intensity of the latter signal together with only
two broad singlets in the alkyl proton region of the 1H-NMR spectrum (see Fig. 3.14 b)) allow
the conclusion that this signal does not correspond to free Au(I)-complex, but actually belongs
to a species that is bound to the cluster surface. According to its chemical shift, a DPPBTS=O
which is bound to the cluster surface with the non-oxidized end, might be possible. Reference
experiments have shown that the 31P-NMR spectrum can be quantitatively evaluated, as the
chosen delay time D1 (time between two pulses) of 2 s for the NMR experiments allows for full
relaxation of all spins of the P-atoms in the Au-cluster species. From this 31P-NMR spectrum an
integral ratio of 5:1 for the signals at 53.22 ppm and 37.69 ppm is observed. By assuming that
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the signal at 37.69 ppm corresponds to one oxidized P-atom, the signal at 53.22 ppm represents
the P-atom of DPPBTS=O, as well as both P-atoms of DPPBTS bound to the Au surface.
Normalizing the integral for the peak at 53.22 ppm to one P-atom, a ratio of 5:3 of DPPBTS
to DPPBTS=O can be calculated for the cluster.
Another possible explanation for the signal at 37.69 ppm might be the presence of a cluster
surface bound Au(I)-DPPBTS complex. This kind of binding motif was proposed by Sharma
et al. for 1.8 nm TPP-stabilized AuNP. The 31P-NMR spectrum of the TPP-stabilized cluster
showed broad resonances at 56 ppm and 34 ppm, the authors assigned the latter to [Au(PPh3)Cl],
whereas the resonance at 56 ppm is assigned to the TPP-stabilized Au-cluster. Further 31P-
NMR experiments revealed intermolecular exchange dynamics between cluster bound and free
[Au(PPh3)Cl]. Therefore a binding motif in analogy to the staple motifs found for thiol-stabilized
Au-cluster like Au102 was proposed by the authors. [30,122,137]
A third explanation for the broadened signal at 37.69 ppm might be a dynamic interaction
of the Au-cluster with free ligand. This phenomenon has already been reported for different
phosphine-stabilized usAuNP with diameters below 2 nm. [116,122] In this particular case the
exchange of free ligand with the Au-cluster surface is faster than the NMR experiment at RT,
thus leading to a broadened average signal in the NMR spectrum. A possible way to slow down
the exchange process is to cool down the cluster solution. If the process is slow enough at the
given temperature, a splitting of the broad resonance into two signals for free and cluster bound
ligand should be observed. In order to investigate this kind of effect, the product was dissolved
in a solution of 1:1 MeOD:D2O, then cooled to -40 ℃ and a 31P-NMR spectrum was measured
(see Fig. 3.15).
The 31P-NMR spectrum shows no shift or splitting of the signal after cooling to -40 ℃ indicating
that the signal around 37 ppm is not caused by a dynamic interaction of free DPPBTS and
DPPBTS bound to the Au-cluster surface. As an old sample was used for this measurement, the
signals around 40 ppm due not arise from the cooling process and were already present at RT
and thus might come from a decomposition of the product over time.
Thus, from 31P-NMR experiments the broad resonance at 37.69 ppm cannot be clearly assigned
to coordinated DPPBTS=O or coordinated Au(I)-DPPBTS complex.
A representative HRTEM image, together with a size distribution analysis is given in Fig. 3.16.
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Figure 3.15: 31P-NMR spectrum for the purified reaction product of the reduction of the
Au(I)-DPPBTS-mixture with NaBH4 in D2O at -40 ℃.
The image shows particles with a core diameter of 1.6 ± 0.3 nm and a Gaussian type size
distribution.
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Figure 3.16: a) Representative HRTEM image of the reduction product of AuCl3 with
DPPBTS and b) size distribution of the particle core diameter. A number of
174 particles were counted.
The sample was further investigated with AFM, a representative height and phase overview
image, as well as two magnified height images of the sample on mica together with their random
height profiles are shown in Fig. 3.17.
From the random height profiles a mean diameter of 2.3 ± 0.7 nm for n = 6 counted particles
is observed. As estimate for the volume DPPBTS adopts on the AuNP surface, the distance
between one surface Au-atom to the most outer H-atom in the crystal structure of the
non-water-soluble diphosphine-stabilized cluster [Au11(DPPP)5](SCN)3 [54] was determined to
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Figure 3.17: a) Height and b) phase overview image from AFM measurements of the
reduction product of AuCl3 with DPPBTS on mica, as well as c) and d)
magnified AFM images with e) and f) their corresponding random height
profiles (counted particles = 6).
0.7 nm. This results in an overall particle diameter of 3.0 ± 0.3 nm, for a solely chelated AuNP.
The discrepancy between measured value and theoretically obtained value might be explained
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due to the non-rigidity of the ligand shell, being deformed by the cantilever during the AFM
measurement in tapping mode. [138] AFM measurements suggest Au-cluster with an overall
size (Au-core + ligand shell) in the range between 2-3 nm, thereby supporting the findings from
TEM analysis.
To isolate the observed cluster species, different crystallization attempts were conducted.
Thus, an aqueous solution of the cluster (c(cluster) = 9 mg/mL) was transferred into an amber
glass bottle filled with different non-solutes, being summarized in Table 3.8. For experiment
D1 no precipitation occurred, and in the case of D2 and D3 an oily precipitate was observed.
Therefore a higher concentrated aqueous solution of the cluster (c(cluster) = 18 mg/mL) was
prepared and under diffusion of MeOH into the aqueous solution an amorphous precipitate
formed (D4).
Table 3.8: Concentration of different solutions of the DPPBTS-stabilized Au-cluster for
crystallization attempts with different non-solutes and the visual observation
after two weeks storage.
No. c(cluster)/mg/mL Non-solute Observation
D1 9 MeOH no precipitation
D2 9 EtOH oily precipitate
D3 9 2-propanol oily precipitate
D4 18 MeOH amorphous solid
As the diffusion approach did not lead to crystalline material, a precipitation with divalent
metal cations was tested. Therefore a small amount of a saturated solution of the clus-
ter (c(cluster) = 240 mg/mL) in H2O was mixed with saturated methanolic solutions of
MgCl2 · 7H2O, CaCl2 · 2H2O and SrCl2. Brown precipitates formed in the case of CaCl2 and
SrCl2, no precipitation was observed for MgCl2 · 7H2O. Blind tests have been conducted to
make sure that at the given amount of pure MeOH no precipitation occurred. After isolation
of the precipitates and subsequent washing with EtOH (CaCl2) or MeOH (SrCl2), they were
dissolved in H2O and analyzed with OES. Figure 3.18 shows the absorbance spectra before and
after precipitation, no change in their absorbance features is observed, indicating no structural
change of the cluster.
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Figure 3.18: Absorbance spectra of the DPPBTS-stabilized Au cluster with Ca2+ (black)
and Sr2+ (red) in H2O.
Both precipitate solutions were dried yielding glassy brownish solids. For their crystallization the
samples were dissolved in a small amount of H2O, filled into small beakers and transferred into
amber glass bottles filled with MeOH or EtOH, respectively. Upon storage of the samples for
24 h an amorphous brownish solid formed in all cases.
A second precipitation approach was conducted by preparing a concentrated aqueous solution of
the cluster (c(cluster) = 80 mg/mL). The cluster was precipitated with a saturated methanolic
CsCl solution, yielding a red-brown solid, which was isolated by centrifugation and washed several
times with MeOH. The isolated solid was dried in vacuum and analyzed with OES, 1H- and 31P-
NMR spectroscopy.
The absorbance spectrum and the chemical shift in the NMR spectra (see Fig. 3.19) are consistent
to the spectrum of the purified cluster. A second batch was used for this experiment. Interestingly
the ratio of the broad resonances at 38.46 and 53.43 ppm differs in comparison to the earlier
reaction.
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Figure 3.19: a) Absorbance spectrum in H2O, as well as b) 1H-NMR and c) 31P-NMR
spectrum for the CsCl precipitated reaction product in D2O at RT. The
solvent signal is marked with a *.
For its crystallization a small amount of the cluster solution (c(cluster) = 200 mg/mL) was
transferred into a capped NMR tube and covered with a layer of H2O and 2-propanol. The
sample was stored at 4 ℃ in a polystyrene block. After two weeks an amorphous precipitate
formed.
As the exact cluster structure could not be obtained, a theoretical calculation for the estimation of
the molecular composition was conducted, by using the electromicroscopically determined particle
core size (d = 1.6 nm). From 31P-NMR experiments it is not clear if the cluster is coordinated
by DPPBTS=O or Au(I)-DPPBTS-complexes. As the structure of the Au(I)-complex cannot be
estimated, a binding of DPPBTS=O to the Au-cluster surface is assumed for the theoretical
calculation and the earlier determined ligand ratio of bi- and monodentate binding DPPBTS of
5:3 was used. The number of Au-atoms was estimated by calculating the volume of a sphere with
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a diameter of 1.6 nm. Together with the density of Au, the Avogadro constant and the molar
mass of Au, the total number of Au-atoms for the cluster (N) was determined with equation 3.1.
N = 43pir
3
cluster ·
δAuNa
MAu
(3.1)
rcluster = 0.8 nm
δAu = 19.32
g
cm3 [139]
Na = 6.022 · 10−23 1mol
MAu = 196, 97
g
mol
A number of 127 Au-atoms was calculated. By a comparison of the calculated number of Au-
atoms to the similar sized [Au55(PPh3)12Cl6] (d = 1.4 nm) a significant discrepancy between the
calculated number of Au-atoms and the number of Au-atoms in [Au55(PPh3)12Cl6] is observed.
This discrepancy can be explained by the fact that [Au55(PPh3)12Cl6] is not ideally spherical in
shape, but actually exhibits a cuboctahedral structure with the longest corner-to-corner distance
being 1.4 nm. This suggests that the assumption of an ideal spherical Au-cluster leads to an
overestimation of the actual number of Au-atoms in the synthesized Au-cluster. Nevertheless, a
comparison to other Au-clusters, e.g. a thiol-stabilized Au102-cluster with a diameter of approx.
1.3 nm [45] and a thiol-stabilized Au144-cluster with a diameter of 2 nm [140] shows that the
estimated number of Au-atoms might be a reasonable estimation. By calculating the surface of
the sphere, as well as the area of one Au-atom and the assumption of a cubic closed packing
(ccp), the number of surface Au-atoms (Sa) was calculated to be 91 with eq. 3.2.
Sa =
4r 2cluster
r 2Au
· 0.74 (3.2)
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The assumption of a ccp comes from comparison to similar sized clusters like for example a
thiol-stabilized Au102 cluster, which exhibits a mean Au-Au distance of 0.29 nm [30], which is
close to the Au-Au distance of 0.2884 nm found for the bulk Au-lattice [87].
For the estimation of the cluster composition two binding motifs are expected, which are ei-
ther a bidentate binding of DPPBTS or a monodentate binding of DPPBTS=O to the cluster.
For comparison the binding motif of diphosphine ligands in the non-water-soluble Au clusters
[Au13(Ph2P(CH2)2PPh2)5Cl2]3+ [34] and [Au22(Ph2P(CH2)8PPh2)6] [86] was investigated. In
[Au13(Ph2P(CH2)2PPh2)5Cl2]3+ DPPE binds to two neighboring Au-atoms (see Fig. 3.20).
Figure 3.20: Structure of [Au13(Ph2P(CH2)2PPh2)5Cl2]3+ adapted from [34]. Two neigh-
boring Au-atoms are highlighted in yellow, exhibiting a distance of approxi-
mately 0.28 nm. One DPPE ligand is bound to these Au-atoms. The binding
P-atoms are highlighted in green and exhibit a distance of approximately
0.40 nm.
The ligand shows a P-P distance of 0.40 nm, whereas the bridged Au-atoms show a distance
around 0.28 nm, leading to a difference in distance for P-P and Au-Au of approximately 0.12 nm.
In [Au22(Ph2P(CH2)8PPh2)6] DPPO exhibits a P-P distance of approximately 0.99 nm (see Fig.
3.21), due to its much longer alkyl backbone. The ligand bridges over two Au-atoms, leading
to a Au-Au distance of around 0.82 nm. The difference in distance between P-P and Au-Au is
0.15 nm.
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Figure 3.21: Structure of [Au22(Ph2P(CH2)8PPh2)6] adapted from [86]. Two Au-atoms
are highlighted in yellow, exhibiting a distance of approximately 0.82 nm.
One DPPO ligand is bound to these Au-atoms. The binding P-atoms are
highlighted in green and exhibit a distance of approximately 0.99 nm.
An energy minimization process for free DPPBTS in vacuum was conducted (see appendix Fig.
7.1), which led to a P-P distance of 0.69 nm. Together with the knowledge from the smaller Au13-
and Au22-clusters, a Au-Au bridging distance in the order of 0.5 to 0.6 nm would be expected for
DPPBTS. By maintaining the assumption that the cluster exhibits a ccp, the distance between
three Au-atoms is 0.5768 nm, thus leading to the conclusion that DPPBTS bridges over one
Au-atom in the found DPPBTS-stabilized cluster.
As already seen for [Au55(PPh3)12Cl6], which exhibits 42 surface atoms in a ccp of Au [6], not
all of these surface atoms are bound to a ligand. In order to account for the cluster being only
partly saturated with ligands, the ratio of surface Au-atoms to ligand was calculated for the Au55
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cluster, resulting in a ratio of 42:18. By applying this to the proposed Au127 cluster, a number
of only 40 Au-atoms is accessible for ligand binding. Combining these results with DPPBTS=O
binding in a monodentate way and DPPBTS bridging over one Au-atom, the number of ligands
can be estimated with the equation 3.3 and the ratio of DPPBTS to DPPBTS=O (see eq. 3.4).
The calculation does not account for a possible binding of chloro ligands to the cluster surface.
Sac = 3a + b (3.3)
a
b =
5
3 (3.4)
Sac = number of accesible surface Au-atoms for ligand binding = 40
a = number of DPPBTS ligands
b = number of DPPBTS=O ligands
After solving these equations, a number of 11 DPPBTS ligands and 7 DPPBTS=O
ligands can be calculated. Thus, the estimated molecular formula for the cluster is
[Au127(DPPBTS)11(DPPBTS=O)7]. Unfortunately no phosphine- or diphosphine-stabilized
clusters of similar size are known from literature, which would be most suitable for a
convenient assessment of this estimation. Nevertheless, a comparison to thiol-stabilized par-
ticles of similar size like Au102(p-MPA)44 [30] with p-MPA = p-mercaptopropionic acid and
Au144(SCH2CH2Ph)60 [141] shows that the calculated amount of ligands is in a reasonable range.
As 31P-NMR data shows that the cluster is mainly stabilized by DPPBTS ligands in a
bidentate way, the stability of the particle against decomposition with CN--ions was investigated.
CN--ions, which act as a strong complexing agent for Au(I)-ions, are able to etch the Au-surface
by the formation of Au(CN)2--complexes, this process can be monitored by a decrease in the
optical absorbance of the particles. Thereby providing information about the relative shielding
efficacy of the bound ligands to the Au-core, which can be compared to other differently
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functionalized AuNP of the same size. [142–144] Herein a TPPMS-stabilized Au-cluster with
the same mean-core diameter as the DPPBTS-stabilized Au-cluster (1.6 ± 0.4 nm) was used
for comparison. This cluster is stabilized by TPPMS in a monodentate way. The decrease in
absorbance of the usAuNP with time was investigated with OES. Therefore stock solutions
of the clusters in H2O were prepared and their Au-content was determined with AAS. Cluster
solutions with a concentration of 25 mg/mL [Au] were prepared and the absorbance spectra in
H2O were measured. A 0.1 M KCN solution was added and the decomposition was monitored
with OES for 1000 min, while taking a spectrum every 5 min. The change of the optical
absorbance between 250-800 nm with time is shown in Fig. 3.22 a) for the DPPBTS-stabilized
Au-cluster and in Fig. 3.22 b) for the TPPMS-stabilized Au-cluster, respectively.
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Figure 3.22: Change of the absorbance spectra in H2O between 250-800 nm of a) the
DPPBTS-stabilized Au-cluster and b) the TPPMS-stabilized Au-cluster, fol-
lowing the addition of 0.1 M KCN solution with increasing time.
As observed for both spectra the absorbance of the Au-cluster decreases with time, which
indicates the decomposition of the Au-cluster by decomposition with CN--ions to Au(CN)2--
complexes. To compare the rate of the digestion process, the change of the absorbance at
422 nm for both cluster species, normalized to the first measurement after KCN addition was
plotted and is shown in Fig. 3.23.
Fig. 3.23 shows a faster decrease of the optical absorbance at 422 nm for the TPPMS-stabilized
compared to the DPPBTS-stabilized Au-cluster. This points to a better shielding efficacy of
DPPBTS for the Au-core in comparison to TPPMS. Srisombat et al. synthesized usAuNP of
similar size with core diameters of approx. 2 nm with mono-, as well as bi- and tridentate alkyl-
thiol ligands, with the same alky-chain backbone. They conducted CN- digestion experiments
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Figure 3.23: Absorbance spectra showing the decrease of the normalized absorbance at
422 nm with time for the DPPBTS-stabilized Au-cluster (black line) and
the TPPMS-stabilized Au-cluster (red line), after addition of 0.1 M KCN
solution. The absorbance was normalized to the first measurement after KCN
addition.
which showed the highest stability for the bidentate ligand, lower stability for the tridentate and
the lowest stability for the monodentate ligand. Thus, they proposed that the stability of these
Au-clusters depends on two main factors, (1) the denticity of the ligand and thereby the improved
binding strength of the ligand to the Au-surface by chelation, as well as (2) the packing density
of the ligands on the Au-surface. [20] Therefore the higher stability of the DPPBTS-stabilized
Au-cluster might be caused by the chelating effect of the DPPBTS ligands, leading to a stronger
binding of the ligand to the Au-surface than monodentate TPPMS. Whereas the packing density,
which should be lower for the DPPBTS-stabilized Au-cluster, seems to play a minor role when
it comes to the stability of this cluster.
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For a further improvement of the cluster stability, the reaction parameters for the reduction of
AuCl3 were varied, trying to obtain a solely DPPBTS-stabilized Au-cluster. Table 3.9 summarizes
the additional experiments. All reaction raw products have been analyzed by OES, 1H-NMR and
31P-NMR spectroscopy.
Table 3.9: Overview of the reaction parameters for the reduction of AuCl3 in the presence
of DPPBTS.
No. eq. (AuCl3) eq. (DPPBTS) eq. (NaBH4) T / ℃
E1 1 2 16 25
E2 1 1 32 25
E3 1 1 64 25
E4 1 1 16 0
E5 1 1 16 80
Similar to the initial reaction, for every experiment a similar absorbance spectrum is observed.
Nevertheless, a change in the 31P-NMR spectra is seen, which are shown in Fig. 3.24.
In all 31P-NMR spectra a broad resonance around 38 ppm is detected next to the cluster signal.
Therefore always indicating the binding of DPPBTS=O or a Au(I)-DPPBTS-complex to the
cluster surface.
An increase of the ligand amount to 2 eq. DPPBTS (E1) led to the appearance of a strong
signal of the free ligand around -15 ppm in the reaction product. No other significant changes
in the spectroscopical data were observed (see Fig. 3.24 a)), compared to the reaction with
1 eq. DPPBTS. Increasing the amount of NaBH4 to 32 eq. (E2, Fig. 3.24 b)) and 64 eq. (E3,
Fig. 3.24 c)), the 31P-NMR spectra show the formation of a Au(I)-complex impurity around
10 ppm and excess free ligand indicated by the signal around -15 ppm. After cooling the AuCl3
suspension (E4, Fig. 3.24 d)), the corresponding 31P-NMR spectrum shows a variety of different
signals around 50 ppm with one main singlet at 53.44 ppm, indicating the formation of additional
diphosphine-stabilized cluster species. Stirring the reaction mixture under reflux (E5, Fig. 3.24
e)), an additional cluster species is observed at 57.60 ppm in the 31P-NMR spectrum.
The NMR data of the reactions E1-E5 show the presence of different impurities which are not
present in the reaction product for the initial reaction. Thus, a change of the chosen reaction
parameters does not lead to an improvement of the reaction, nor to a cluster solely stabilized by
a chelating ligand.
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Figure 3.24: 31P-NMR spectra of the reaction products for the experiments a) E1, b) E2,
c) E3, d) E4 and e) E5 in D2O at RT.
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3.4.3.2 DPPETS
The use of DPPETS as stabilizing ligand led to the formation of a brown solid, showing a broad
absorbance between 300-800 nm in aqueous solution, with a hump around 340 nm (see Fig. 3.25
a)), and therefore indicating the formation of usAuNP below 2 nm.
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Figure 3.25: a) Absorbance spectrum in H2O, as well as b) 1H-NMR and c) 31P-NMR
spectrum for the reaction product of the reduction of the Au(I)-DPPETS-
mixture with NaBH4 in D2O at RT. The solvent signal is marked with a
*.
Considering the 31P-NMR spectrum, a very broad peak between 48-72 ppm is observed, indicating
the formation of a range of different small Au-cluster species. Besides this signal, a broad signal
around 35.76 ppm is observed, which might be attributed to cluster bound diphosphine monoxide
or Au(I)-DPPETS-complex, regarding its chemical shift and the observations made in chapter
3.4.3.1. Other signals around 37-40 ppm are observed, which might be attributed to Au(I)-
diphosphine species (see chapter 3.4.2.1). No free ligand (-13.1 ppm) is observed.
The 1H-NMR spectrum shows a broad multiplett in the aromatic region (7.44-8.04 ppm), as
well as different singlets at 2.67, 2.76 and 3.00 ppm. The protons of the ethyl group of the free
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ligand correspond to a signal at 2.15 ppm (see chapter 5.6.2), because of the deshielding effect
of Au it can be concluded that different DPPETS-stabilized Au-species have been formed.
In 2010 Shichibu et al. reported the reduction of Au2(DPPE)Cl2 with NaBH4 resulting in a
mixture of different diphosphine-stabilized Au-cluster species observed by ESI-MS measurements.
Through an etching process with HCl they were able to isolate a Au13-species. [34] In analogy to
this etching process, the herein obtained mixture of usAuNP was mixed with an excess of HCl
in H2O and stirred for 24 h. The reaction progress was monitored with OES (see Fig. 3.26).
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Figure 3.26: Absorbance spectrum of the reduction reaction product with DPPETS di-
rectly after addition of HCl (black) and after 24 h (red) in H2O.
In Figure 3.26 the absorbance spectrum at 0 h and after 24 h in H2O is shown, one can clearly
see the increase of the absorbance band at 343 nm. This is similar to the formation and increase
of an absorbance band at 360 nm within 4 h following the addition of HCl to the mixed cluster
solution, reported by Shichibu et al. [34] The reaction was stopped after evaporation of the
solvent and washing with EtOH, the obtained light brown solid was analyzed with 1H-NMR and
31P-NMR spectroscopy, HRTEM analysis and AFM.
The 31P-NMR spectrum (see Fig. 3.27 b)) shows two broad peaks at 64.07 ppm and 55.17 ppm
indicating small cluster species. The signals between 30-40 ppm remained after conversion with
HCl.
One singlet at 2.82 ppm is observed in the alkyl region of the 1H-NMR. Due to the low signal
to noise ratio of the spectrum, other signals in this region were not detected. In Figure 3.28
a representative HRTEM image is provided which shows particles with core diameters between
1-3 nm and a mean value of 1.8 ± 0.4 nm.
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Figure 3.27: a) 1H-NMR and b) 31P-NMR spectra for the conversion of the reduction
reaction product Au-DPPETS with HCl in D2O at RT. The solvent signal is
marked with a *.
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Figure 3.28: a) Representative HRTEM image of the reduction product of AuCl3 with
DPPETS and b) size distribution of the particle core diameter. A number of
136 particles were counted.
The random height profile of the AFM measurements (see Fig. 3.29 c)) shows particular struc-
tures between 1-4.5 nm (counted particles n = 16).
Together with the information of DPPE showing a size of 0.5 nm measured from the Au-core of
[Au13(Ph2P(CH2)2PPh2)5Cl2]3+ [34], a size of 2.8 ± 0.4 nm would have been expected. AFM
suggests a polydisperse mixture of usAuNP. According to the broad size distribution no defined
cluster species was obtained upon conversion of the raw product with HCl.
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Figure 3.29: a) Height and b) phase image from AFM measurements of the reduction
product of AuCl3 with DPPETS on mica, as well as c) a corresponding
random height profile (counted particles = 16).
3.4.3.3 DPPPTS
Reduction of the AuCl3 solution in the presence of DPPPTS yielded a brown solid. The absorbance
spectrum of its aqueous solution is shown in Fig. 3.30 a) and exhibits features at 298 nm, 335 nm,
431 nm and 682 nm indicating the formation of molecular Au-clusters.
The 31P-NMR spectrum (see Fig. 3.30 c)) of the raw product shows a wide range of broad
overlapping signals between 50-63 ppm, indicating a mixture of small DPPPTS-stabilized Au-
clusters. A broad singlet at 27.38 ppm might correspond to a Au(I)-complex species (see chapter
3.4.2.1). Another singlet at 0.24 ppm exhibits an unusual chemical shift: it might correspond
to a similar kind of exchange dynamic as observed for the signal around 10 ppm for DPPBTS-
stabilized Au(I)-complexes. A low temperature experiment to reveal such an exchange dynamic
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Figure 3.30: a) Absorbance spectrum in H2O, as well as b) 1H-NMR and c) 31P-NMR
spectrum for the reaction product of the reduction of the Au(I)-DPPPTS-
mixture with NaBH4 in D2O at RT. The solvent signal is marked with a
*.
was not conducted. A broad signal between 36-39 ppm might correspond to bound diphosphine
oxide or bound Au(I)-DPPP-complex.
The 1H-NMR spectrum (see Fig. 3.30 b)) shows strong solvent signals from residual MeOH
around 3.3 ppm. Furthermore, different signals can be observed in the alkyl proton region, that
are all downfield shifted in comparison to the signals of free DPPPTS (1.38 and 2.17 ppm).
Those signals most likely belong to different Au-DPPPTS-species.
Following purification by means of precipitation with EtOH, the isolated and dried solid was
analyzed with OES, 1H-NMR, 31P-NMR spectroscopy, HRTEM and AFM.
The absorbance spectrum (see Fig. 3.31 a)) is very similar to that of the raw product, although
the absorbance around 700 nm vanished and all other peaks sharpened, the latter indicating
the formation of a defined cluster species. Hudgens et al. obtained non-water-soluble mixtures
of different DPPP-stabilized Au-clusters, which have been obtained through the reduction of
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Figure 3.31: a) Absorbance spectrum in H2O, as well as b) 1H-NMR and c) 31P-NMR
spectrum for the purified reaction product of the reduction of the Au(I)-
DPPPTS-mixture with NaBH4 in D2O at RT. The solvent signal is marked
with a *.
[Au(PPh3)Cl] with NaBH4 in the presence of different amounts of DPPP. The mixtures were
analyzed with OES and ESI-MS measurements. They were not able to isolate a specific cluster.
Nonetheless, a comparison of the absorbance spectrum in Fig. 3.31 a) with the obtained spectra
from their work suggests a Au11-core for the found cluster. [145]
Due to the low yield of the product the 1H-NMR spectrum (see Fig. 3.31 b)) only shows a
very broad peak in the aromatic region between 7-8 ppm and signals of residual EtOH (1.1 and
3.6 ppm).
Considering the 31P-NMR spectrum, one very broad singlet around 56.47 ppm and a broad signal
at 37.46 ppm remained after purification. As already discussed, the signal around 37.46 ppm
might correspond to a diphosphine monoxide or a Au(I)-DPPP-complex bound to the Au-surface.
An investigation with HRTEM did not reveal any particle formation. Whereas the random height
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profile for the observed AFM image (see Fig. 3.32) shows particular structures with a mean
diameter of 1.2 ± 0.3 nm (counted particles n = 9).
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Figure 3.32: a) Height and b) phase overview image from AFM measurements of the
reduction product of AuCl3 with DPPPTS on mica, as well as c) and d)
magnified AFM images with e) and f) their corresponding random height
profiles (counted particles = 9).
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The space one DPPPTS ligand exhibits on the Au surface, was estimated in the same way as
for DPPBTS. Together with the AFM measurement - underestimating the size of the particle,
very small Au-clusters with a core diameter below 1 nm are expected for this sample. This would
also explain the absence of particles in the HRTEM measurement. The AFM measurements
validates the suggestion of a cluster with a Au11-core, which was derived from OES measurements.
Crystallization attempts due to diffusion of different alcohols into an aqueous solution of the
cluster yielded amorphous material.
3.4.3.4 DPPPeTS
Reduction of the AuCl3 solution in the presence of DPPPeTS yielded a brown solid. The material
shows a broad absorbance between 300-800 nm, with weak shoulders around 400 and 500 nm
(see Fig. 3.33 a)), indicating the formation of a mixture of molecular Au-clusters.
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Figure 3.33: a) Absorbance spectrum in H2O, as well as b) 1H-NMR and c) 31P-NMR
spectrum for the reaction product of the reduction of the Au(I)-DPPPeTS-
mixture with NaBH4 in D2O at RT. The solvent signal is marked with a
*.
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The 31P-NMR spectrum (see Fig. 3.33 c)) of the raw product shows two broad signals at 52.21
and 54.19 ppm, indicating the formation of two different diphosphine-stabilized Au-clusters. A
broad singlet at 38.80 ppm might correspond to bound diphosphine monoxide or bound Au(I)-
DPPPeTS-complex. The signals above 40 ppm indicate the presence of free Au(I)-complexes.
The 1H-NMR spectrum (see Fig. 3.33 b)) shows different broad singlets in the alkyl proton
region, which are partially downfield shifted in comparison to the signals of the free ligand (1.30
and 1.43 ppm). A broad multiplet is observed in the aromatic region between 7-8.5 ppm and
another broad signal around 6 ppm, corresponding to the aromatic protons of the cluster and
the impurities.
Following precipitation with EtOH, the isolated and dried solid was analyzed with OES, 1H-NMR,
31P-NMR spectroscopy, HRTEM and AFM.
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Figure 3.34: a) Absorbance spectrum in H2O, as well as b) 1H-NMR and c) 31P-NMR
spectrum for the purified reaction product of the reduction of the Au(I)-
DPPPeTS-mixture with NaBH4 in D2O at RT. The solvent signal is marked
with a *.
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The absorbance spectrum (see Fig. 3.34 a)) is identical to that of the raw product.
1H-NMR spectroscopy (see Fig. 3.34 b)) still shows a very broad peak in the aromatic region
between 7-8 ppm and different signals in the alkyl proton region.
The 31P-NMR spectrum (see Fig. 3.34 c)) shows new signals formed at 62.23 ppm and 26.56 ppm,
indicating an additional cluster species and a free Au-complex, which might arise from a decom-
position of the cluster in the raw product. All other signals remained.
HRTEM analysis (see Fig. 3.35) shows particles with a core size of 1.3 ± 0.3 nm. The ran-
dom height profile of the AFM image (see Fig. 3.36) shows an average particle diameter of
2.0 ± 0.4 nm (counted particles n = 17). With the estimation used before (see chapter 3.4.3.1)
a particle size of 2.7 ± 0.3 nm would have been expected. AFM again confirms the presence of
usAuNP with an overall size of 2-3 nm.
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Figure 3.35: a) Representative HRTEM image of the reduction product of AuCl3 with
DPPPeTS and b) size distribution of the particle core diameter. A number
of 226 particles were counted.
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Figure 3.36: a) Height and a) phase image from AFM measurements for the reduction
product of AuCl3 with DPPPeTS on mica, as well as c) a corresponding
random height profile (counted particles = 17).
3.4.3.5 DPPHTS
Reduction of the AuCl3 solution in the presence of DPPHTS yielded a brown solid. The material
shows a broad absorbance with a shoulder around 445 nm (see Fig. 3.37 a)), indicating the
formation of molecular Au-clusters.
The 31P-NMR spectrum of the raw product (see Fig. 3.37 c)) shows one broad singlet at 54.65
and different signals overlapping around 40 ppm, which might correspond to bound diphosphine
oxide or bound Au(I)-DPPHTS-complex.
The 1H-NMR spectrum (see Fig. 3.37 b)) shows different overlapping broad singlets in the alkyl
proton region, which are partly downfield shifted in comparison to the signals of the free ligand
(1.27, 2.04 ppm), indicating the formation of different Au-DPPHTS-species. A broad multiplet
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Figure 3.37: a) Absorbance spectrum in H2O, as well as b) 1H-NMR and c) 31P-NMR
spectrum for the reaction product of the reduction of the Au(I)-DPPHTS-
mixture with NaBH4 in D2O at RT. The solvent signal is marked with a
*.
is observed in the aromatic region between 7.5-8 ppm and a signal at 6.81 ppm, corresponding
to the aromatic protons of the Au-DPPHTS-species.
Following the precipitation with EtOH, the isolated and dried solid was analyzed with OES,
1H-NMR, 31P-NMR spectroscopy, HRTEM and AFM.
The absorbance spectrum (see Fig. 3.38 a)) is identical to that of the raw product, with the
absorbance shoulder at 445 nm being more pronounced.
1H-NMR spectroscopy (see Fig. 3.38 b)) shows a very broad peak between 7.5-8 ppm, as well as
a signal at 6.81 ppm belonging to the aromatic protons. Only two main signals in the alkyl proton
region at 1.36 and 2.44 ppm, which are downfield shifted compared to the free ligand and exhibit
the right integration value ratio of 0.5 to 1, indicating the formation of only one DPPHTS-Au-
species. Looking at the 31P-NMR spectrum (Fig. 3.38 c)), one broad main signal at 57.96 ppm,
which is different to the signal observed in the raw product, indicates the formation of a different
cluster following purification. The broad signal around 40 ppm is furthermore observed.
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Figure 3.38: a) Absorbance spectrum in H2O, as well as b) 1H-NMR and c) 31P-NMR
spectrum for the purified reaction product of the reduction of the Au(I)-
DPPHTS-mixture with NaBH4 in D2O at RT. The solvent signal is marked
with a *.
On the contrary to the NMR experiments, HRTEM analysis (Fig. 3.39) shows a polydisperse mix-
ture with Au-core sizes between 1-3 nm and an average core diameter of 2.2 ± 0.6 nm. A random
height profile for the AFM image (see Fig. 3.40 c)) depicts a particle diameter of 1.5 ± 0.4 nm
(number of counted particles n = 24). With the estimations used previously (chapter 3.4.3.1),
a particle size of 3.58 ± 0.6 nm might have been expected for a solely chelated cluster. The
very large discrepancy between experimental and estimated value can only be explained by
statistical means. Due to the fact that the number of counted particles from the random height
profile of the AFM image is only 24, this might not represent the overall particle size distribution.
The direct synthesis experiments yielded chelated usAuNP with different sizes and dis-
persities. As the obtained particles could not be crystallized, a ligand-exchange approach was
conducted, starting with the structurally defined Au-clusters.
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Figure 3.39: a) Representative HRTEM image of the reduction product of AuCl3 with
DPPHTS and b) size distribution of the particle core diameter. A number of
229 particles were counted.
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Figure 3.40: a) Height and b) phase image from AFM measurements of the reduction
product of AuCl3 with DPPHTS on mica, as well as c) a corresponding
random height profile (counted particles = 24).
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3.4.4 Ligand exchange on TPP-stabilized Au-clusters
3.4.4.1 Synthesis of TPP-stabilized Au-clusters
As already described in chapter 2.1.2, TPP-stabilized Au-clusters with discrete core sizes are
well known in literature. Also ligand exchange reactions with water-soluble phosphine ligands are
reported. [32] Therefore three different TPP-stabilized Au-clusters have been synthesized namely
[Au8(PPh3)8](NO3)2, [Au9(PPh3)8](NO3)3 and [Au11(PPh3)7]Cl3.
According to van der Velden et al. [Au8(PPh3)8](NO3)2 has been synthesized by a degrada-
tion reaction of [Au9(PPh3)8](NO3)3 with an excess of TPP in DCM. [51] [Au9(PPh3)8](NO3)3
was produced by reduction of [Au(PPh3)NO3] with NaBH4 in EtOH and recrystallization from
MeOH/diethyl ether as a dark green solid. [32] Reduction of [Au(PPh3)Cl] with NaBH4 in EtOH
led to the formation of [Au11(PPh3)7Cl3] as brown-red powder. [79] Elemental analysis data and
NMR data are given in the experimental section (chapter 5.9.4) and fit well to literature data.
The optical spectra (see Fig. 3.41) observed by OES fit well to the ones from literature shown
in chapter 2.1.4.2.
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Figure 3.41: Absorbance spectra of [Au8(PPh3)8](NO3)2 (black), [Au9(PPh3)8](NO3)3
(red) and [Au11(PPh3)7Cl3] (blue) in DCM.
3.4.4.2 Ligand exchange on [Au9(PPh3)8](NO3)3
As shown by Wen et al. [Au9(PPh3)8](NO3)3 can be successfully transferred to the aqueous
phase due to a ligand exchange reaction with TPPMS in the two phase system DCM/H2O. [32]
Therefore a ligand exchange reaction with [Au9(PPh3)8](NO3)3 and DPPXTS (X = P, B) in
DCM/H2O under Ar was conducted. For the ligand exchange reaction, the purified cluster was
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dissolved in DCM and covered with an aqueous solution of DPPXTS (X = P, B) while stirring
vigorously. The reaction mixture was stirred at RT in the absence of light for several days. As
an indicator for the phase transition of the cluster, a color change of the aqueous phase and a
decoloring of the DCM phase was observed visually. Following phase separation, the H2O phase
was evaporated and the raw product was further analyzed.
Pre-experiments with small amounts of [Au9(PPh3)8](NO3)3 showed that for a mixture
of DCM to H2O of 1:1 and the use of a stoichometrical amount (4 eq.) of DPPXTS (X = P, B)
no color change was observed within four days. Following the addition of NaCl (c = 0.1 mol/L),
a color change in the aqueous phase to red was observed within one day for the reaction
with DPPBTS. As the DCM phase was not completely colorless, no full phase transition was
obtained. Almost no transition was observed with DPPPTS, thus reactions with DPPPTS were
not further investigated. After the solvent for the reaction with DPPBTS was evaporated, only
a very small amount of a reddish solid was obtained. The absorbance spectrum of the aqueous
solution of the raw product, as well as a representative HAADF-STEM overview image from the
reaction product with DPPBTS is shown in Fig. 3.42.
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Figure 3.42: a) Absorbance spectrum of the ligand exchange product from
[Au9(PPh3)8](NO3)3 with DPPBTS in the presence of NaCl in H2O
and b) representative HAADF-STEM overview image of the sample.
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The spectrum 3.42 a) shows distinct absorbance features around 320 nm, 340 nm, 413 nm,
450 nm, indicating the formation of small cluster species, as well as a strong absorbance around
562 nm, which might correspond to the plasmon resonance of larger particles.
The STEM overview image (3.42 b)) shows an accumulation of small Au-clusters in spherically
shaped “networks”, as well as unshaped structures with high contrast, which correspond most
likely to NaCl. Assuming that the usAuNP are stabilized with DPPBTS, they exhibit a negative
surface charge induced by the sulfonate groups. Due to the high concentration of NaCl, the
negative charge on the AuNP surface might be saturated by Na+-ions, therefore reducing the
repulsive forces between the Au-clusters and allowing a kind of “network” formation. As reported
by Moon et al. small AuNP with diameters below 2 nm can exhibit a plasmon resonance, if
they are close enough to each other. In their case this is achieved due to a kind of “network”
formation by a double-chained surfactant. [146] Thus, the formed “networks” herein might explain
the observed plasmon resonance at 562 nm.
STEM images of the sample at higher magnification (see Fig. 3.43 a)) show usAuNP with a core
diameter of 1.4 ± 0.2 nm.
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Figure 3.43: a) Representative HAADF-STEM image of the ligand exchange product from
[Au9(PPh3)8](NO3)3 with DPPBTS in the presence of NaCl in H2O and b)
size distribution of the particle core diameter. A number of 155 particles were
counted.
The synthesis protocol for the reaction with DPPBTS was further optimized in order to obtain
a full and rapid ligand exchange. In the following the stepwise optimization process is briefly
described, only one parameter was changed at a time and all other conditions were maintained.
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1. Salt concentration: The concentration of NaCl was changed to 0.05 mol/L and 0.5 mol/L
respectively. In both cases this did not lead to a more rapid or complete ligand exchange.
It was concluded that the influence of NaCl on the kinetics as well as on the complete-
ness of the ligand exchange might not be very strong. Thus, the NaCl concentration was
maintained at 0.1 mol/L for the following experiments.
2. DCM/H2O ratio: Due to the osmotic effect, a higher volume of H2O might lead to an
acceleration of the ligand exchange reaction. Furthermore, a higher volume of H2O might
increase the formation of smaller DCM droplets in the aqueous phase, resulting in a higher
contact area between the two phases and thereby enhancing the speed of the ligand ex-
change reaction. [147] Thus, a ratio of DCM/H2O of 1:2 and 1:4 was used. Doubling the
volume of H2O did not lead to an improvement of the reaction speed and no full transition
was obtained. By further doubling the amount of H2O, a near complete ligand exchange
was observed after three days, indicated by the dark red color of the H2O phase and the
almost colorless DCM phase. Thus, the ratio of DCM/H2O was adjusted to 1:4 for further
experiments.
3. Ligand equivalents: An increase of the ligand equivalents should also lead to a faster ligand
exchange reaction, due to the shift in the chemical equilibrium. Therefore the amount of
ligand was changed from stoichometrical (4 eq.) to 6 and 8 eq. of DPPBTS. Whereas 6 eq.
led to a complete ligand exchange in 24 h, the addition of 8 eq. accelerated the exchange
even more and a full phase transfer of the cluster was already achieved after 17 h. As the
time saving effect between 6 and 8 eq. is low and the free ligand is valuable, 6 eq. were
chosen for further experiments.
According to the optimization process the best conditions are a DCM/H2O ratio of 1:4, 6 eq. of
DPPBTS and a NaCl concentration of 0.1 mol/L.
Having observed that NaCl does not influence the ligand exchange reaction kinetics, the idea
came up to try the reaction again with the newly ascertained conditions, but without NaCl.
Thereby also avoiding the NaCl induced “network” formation, which could possibly complicate
an isolation of the particles from the raw product. Even without NaCl, a full ligand exchange
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was observed within 24 h. A picture of the two phase system before and after ligand exchange
can be seen in Fig. 3.44.
Figure 3.44: Image of the two phase mixture of [Au9(PPh3)8](NO3)3 in DCM and
DPPBTS in H2O, before (left) and after ligand exchange reaction with
TPPMS for 24 h (right).
The dark red color of the H2O phase is observed, whereas the DCM phase is nearly colorless
after the ligand exchange reaction.
Following phase separation, the H2O phase was evaporated and a dark red precipitate was ob-
tained, which was washed several times with DCM.
An absorbance spectrum of the aqueous solution of the raw product was measured.
Two distinct absorbance features are found at 417 and 476 nm (see Fig. 3.45 a)), which indicate
the formation of small Au-clusters. A comparison of the found absorbance spectrum with the
work of Hudgens et al. suggests the formation of a diphosphine-stabilized Au8-cluster. [145]
The raw product was dissolved in D2O and analyzed by 1H- and 31P-NMR spectroscopy. The
spectra are shown in Fig. 3.45 b) and c), respectively.
Three different signals at 10.70, 39.35 and at 40.22 ppm can be observed in the 31P-NMR
spectrum, whereas in the 1H-NMR spectrum a broad multiplet between 7.3-8.1 ppm, six broad
singlets are observed at 1.25, 1.57, 1.78, 2.38, 2.49, 2.84 ppm. As described in chapter 3.3,
the signal at 40.22 ppm together with the signals at 1.55 and 2.50 ppm can be assigned to
DPPBTS=O2. The signal around 10.70 ppm together with the signals at 1.25 and 2.38 ppm
correspond to DPPBTS-stabilized Au-complexes (see chapter 3.4.2.1), leaving one unassigned
signal at 39.35 ppm. As described by Hall et al. small Au-clusters can exhibit signals between
98
3.4 Synthesis of diphosphine-stabilized usAuNP
a)
 / nm
A
 /
 a
.u
.
n
o
rm
300 400 500 600 700 800
0.0
0.2
0.4
0.6
0.8
1.0
b)
chemical shift / ppm
8 7 6 5 4 3 2 1 0
c)
chemical shift / ppm
50 40 30 20 10 0 -10 -20
4
0
.2
2
3
9
.3
5
1
0
.7
0
1
.2
5
1
.5
7
1
.7
8
2
.3
8
2
.4
9
2
.8
4
7
.3
0
7
.3
2
7
.3
4
7
.6
5
7
.7
0
7
.7
2
7
.9
3
*
Figure 3.45: a) Absorbance spectrum in H2O, as well as b) 1H-NMR and c) 31P-NMR
spectrum for the ligand exchange product from [Au9(PPh3)8](NO3)3 with
DPPBTS in D2O at RT. The solvent signal is marked with a *.
30-50 ppm in 31P-NMR spectroscopy. [63] Together with the remaining two broad signals in the
1H-NMR spectrum which are strongly downfield shifted to 1.77 and 2.83 ppm, compared to those
of the free ligand, the signal at 39.35 ppm might indicate a binding of DPPBTS to a Au-cluster
surface. The aromatic proton region does not provide any further information, as the signals of
the different species are superimposed. Surprising is the appearance of a signal for DPPBTS=O2
in the sample due to the fact that the reaction was conducted under inert atmosphere. Although
unsupported usAuNP show catalytic activity for the oxidation of different organic molecules in
homogeneous phase, they require an oxygen source for these reactions, which mostly is O2. [148]
As it is unlikely that the Au cluster leads to a splitting of H2O at RT, traces of O2 in combination
with a possible catalytic activity of the Au cluster for the oxidation of DPPBTS might be the
only reasonable explanation for the formation of DPPBTS=O2.
The raw product was further analyzed using HAADF-STEM. A representative image of the
particles and their size distribution are shown in Fig. 3.46.
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Figure 3.46: a) Representative HAADF-STEM image of the ligand exchange product from
[Au9(PPh3)8](NO3)3 with DPPBTS in H2O and b) size distribution of the
particle core diameter. A number of 260 particles were counted.
Electron microscopy imaging reveals particles with a Au-core diameter of 1.0 ± 0.2 nm, thereby
confirming the presence of small Au-clusters, which also corroborates the assumption of a Au8-
cluster species derived from OES.
AFM imaging of the raw product solution shows a number of particles with a diameter of
0.9 ± 0.1 nm (number of counted particles n = 20) (see Fig. 3.47).
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Figure 3.47: a) Height and b) phase overview image from AFM measurements of the
reduction product of the ligand exchange reaction from [Au9(PPh3)8](NO3)3
with DPPBTS on mica, as well as c) a magnified AFM image with d) its
corresponding random height profile (counted particles = 20).
With the estimation method from chapter 3.4.3.1, a particle diameter of 2.4 ± 0.1 nm would
have been expected. As has already been discussed in chapter 3.4.3.5, the AFM measurement
does not give statistical information, thus the measured particle size might not represent the
average particle size of the sample. Nevertheless, AFM confirms the presence of small particular
structures around 1 nm.
For further usage the cluster needed to be purified and isolated. Therefore different attempts
were made.
Column chromatography was used as classical purification method. Different stationary and
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mobile phases were tested using thin layer chromatography, yielding a combination of silica gel
and a mixture of 2-propanol:H2O:acetonitrile (2:1:5) as the best mobile phase. Every fraction was
analyzed using OES. The first fractions showed the signal of free DPPBTS and were discarded.
The sample itself moved very slowly through the column, therefore it had to be eluated with a
small volume of H2O. The product fraction was then subsequently analyzed by means of OES
and 31P-NMR spectroscopy. Figure 3.48 a) shows the absorbance spectrum of the purified sample
and Fig. 3.48 b) shows the 31P-NMR spectrum.
a) b)
 / nm
A
 /
 a
.u
.
n
o
rm
300 400 500 600 700 800
0.0
0.2
0.4
0.6
0.8
1.0
chemical shift / ppm
50 40 30 20 10 0 -10 -20
4
2
.9
6
4
0
.2
1
3
9
.5
0
1
0
.6
9
Figure 3.48: a) Absorbance spectrum in H2O, as well as b) 31P-NMR spectrum for the
ligand exchange product from [Au9(PPh3)8](NO3)3 with DPPBTS after col-
umn chromatography in D2O at RT.
The absorbance spectrum of the purified sample exhibits one additional shoulder around 348 nm
in comparison to the raw product.
Considering the 31P-NMR spectrum, the signals of the impurities at 40.21 and 10.69 ppm were
significantly diminished, but this was unfortunately also the case for the signal at 39.50 ppm,
which is believed to be the cluster signal. A new strong signal arises at 42.96 ppm, which is be-
lieved to indicate a Au(I)-complex species (see chapter 3.4.2.1). From this it was concluded that
the cluster has decomposed due to column chromatography to form a Au(I)-complex species.
A second purification attempt was conducted by employing ultrafiltration. The sample was dis-
solved in H2O and washed six times. Following the evaporation of the solvent the remaining red
solid was analyzed by 31P-NMR spectroscopy (see Fig. 3.49), showing no purification effect and
a slight decomposition indicated by the new signal at 42.91 ppm.
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Figure 3.49: 31P-NMR spectrum for the ligand exchange product from
[Au9(PPh3)8](NO3)3 with DPPBTS after ultrafiltration in D2O at
RT.
Due to the limited amount of product material the reaction has been performed several times
under the same conditions and yielded identical spectroscopic data. Further purification attempts
have been conducted with these materials.
Due to the fact that the obtained usAuNP show a negative surface charge caused by the sulfonate
groups of the DPPBTS ligand, the addition of larger or more sterically demanding cations might
lead to a precipitation of the cluster from the solution and thereby to an isolation of the cluster
from the mixture. Thus, different cations were tested by preparing concentrated solutions of the
raw product in H2O and adding an aqueous solution with a high excess of the corresponding
nitrate salt. All experiments have been conducted under Ar. The results are briefly summarized
in the following section.
For the monovalent cations K+ and HN(CH3)3+ no precipitation was observed. Therefore divalent
cations were tested. Mg2+ led to the formation of an oily residue, which could not be isolated
from solution. The next larger divalent cation Ca2+ led to the formation of a brown precipitate.
After storing the suspension at 4 ℃ overnight for full precipitation, the solid was isolated by
means of centrifugation. The remaining precipitate did not exhibit any water-solubility, but was
well soluble in MeOH. Thus, an optical absorbance spectrum in MeOH was measured (see Fig.
3.50)
Distinct extinction maxima similar to those seen for the H2O phase are observed, suggesting
that there is no strong change in the structure of the absorbing material upon precipitation with
103
3 Results and discussion
250 300 350 400 450 500 550 600
0.0
0.2
0.4
0.6
0.8
1.0
 / nm
A
 /
 a
.u
.
n
o
rm
Figure 3.50: Absorbance spectrum for the ligand exchange product from
[Au9(PPh3)8](NO3)3 with DPPBTS after precipitation with Ca2+-ions
in MeOH.
Ca2+. In order to regain water-solubility, a methanolic solution of the cluster was prepared and
a significant excess of a solution of Na2[EDTA] · 2H2O was added, to mask the Ca2+ ions. The
cluster precipitated upon the addition of the EDTA solution, no water-solubility was achieved.
This leads to the conclusion that the Ca2+-ions bind very strongly to the cluster.
The obtained cluster could not be purified by the conducted purification methods.
3.4.4.3 Ligand exchange on [Au11(PPh3)7Cl3]
As a ligand exchange was observed for [Au9(PPh3)8](NO3)3, a similar ligand exchange reaction
was conducted with [Au11(PPh3)7Cl3]. Therefore, the cluster was dissolved in DCM in an Ar
atmosphere and an aqueous solution of DPPXTS (X = P, B) was added while stirring vigorously.
The mixture was stirred for several days at RT in the dark. A volume ratio for DCM and H2O
of 1:4 gave good results for the ligand exchange reaction with [Au9(PPh3)8](NO3)3, thus the
same DCM to H2O ratio was used for the ligand exchange reaction with the Au11-cluster. First it
was tested, if DPPPTS or DPPBTS show a better phase transition for the cluster. Therefore a
stoichiometrical amount (5 eq.) of either DPPPTS or DPPBTS was used. According to literature,
DPPPTS might be better for the ligand exchange reaction because non-water-soluble DPPP
already shows a ligand exchange reaction with [Au11(PPh3)7Cl3]. [149] However, even after more
than four days, no phase transition was observed with DPPPTS, whereas a weak brown color
appeared in the H2O phase for DPPBTS. This demonstrates that DPPBTS might be suitable
for the ligand exchange reaction.
In order to speed up the ligand exchange with DPPBTS, the molar ratio of cluster to ligand
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was increased to 1:10, while all other parameters were kept constant. After four days the color
of the aqueous solution showed a darker brown color than with the lower amount of DPPBTS.
Followed by the phase separation, the H2O phase was evaporated and washed several times with
DCM, a very small amount of a brownish solid was obtained, which was only partially soluble in
H2O. The suspension was filtered through an Anotop® -filter, yielding a slight yellow solution.
The absorbance spectrum of the yellow solution is shown in Fig. 3.51.
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Figure 3.51: Absorbance spectrum for the ligand exchange product from [Au11(PPh3)7Cl3]
with DPPBTS in H2O.
A distinct absorbance peak is observed in the spectrum at 430 nm as an indicator for the formation
of a small Au-cluster species. Due to the very long duration of the phase transition process and
the partial solubility of the remaining raw product, the ligand exchange is not a suitable method
in order to obtain diphosphine-stabilized usAuNP and was therefore not investigated further.
3.4.4.4 Ligand exchange on [Au8(PPh3)8](NO3)2
Another TPP-stabilized cluster precursor for a possible ligand exchange reaction might be
[Au8(PPh3)8](NO3)2. Thus, a solution of the cluster in DCM was prepared and an excess of
6 eq. DPPBTS in H2O was added. Two different ratios of DCM to H2O (1:8 and 1:16) were
investigated. After stirring the two phase system for 48 h no phase transition occurred. This
concludes that [Au8(PPh3)8](NO3)2 seems to be very stable against a ligand exchange with
DPPBTS, thus the reaction was not investigated further.
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3.4.5 Conclusion
The conducted experiments show that the synthesis of structurally defined bis(diphenyl-
phosphino)alkane-stabilized usAuNP is challenging. Nonetheless, it was possible to synthesize
chelated usAuNP with narrow size distributions from direct synthesis, as well as by ligand
exchange reactions.
As obtained from the 31P-NMR data for Au(I)-DPPBTS-complexes, the bidentate char-
acter of the ligands led to the formation of a variety of differently constituted Au(I)-monomers,
as well as Au(I)-dimers. From these mixtures it is difficult to obtain a specific Au(I)-complex
species, as they show similar solubilities and can exhibit intermolecular exchange dynamics.
This prevented the isolation of a defined precursor species, for later reduction to usAuNP.
Nevertheless, the 31P-NMR data gave valuable information for the interpretation of the synthesis
experiments conducted later.
Direct synthesis experiments involving reducing AuCl3 in the presence of a specific diphosphine
ligand, led to the formation of usAuNP with mean particle core diameters of less than 2 nm
and narrow size distributions for DPPBTS, DPPPTS and DPPPeTS, as proven by HRTEM
and AFM analysis. On the contrary polydisperse mixtures with larger particles (dcore > 3 nm)
were found for shorter (DPPETS) and longer alkyl chains (DPPHTS). Hong et al. conducted
DFT calculations on the selectivity of non-watersoluble bis(diphenylphosphino)alkanes towards
Au-cluster formation. The authors concluded that longer alkyl chains exhibit greater flexibility
than shorter ones, thereby reducing the selectivity with respect to the Au-cluster formation. [150]
This explains the lower selectivity and formation of a polydisperse usAuNP mixture when using
the diphosphine ligand with the longest alkyl chain (DPPHTS). On the contrary the low
selectivity for DPPETS, which exhibits a very short alkyl chain length, could not be explained
thus far.
31P-NMR experiments on the obtained usAuNP revealed a second binding motif next to the
bidentate binding of the diphosphine ligand to the Au-cluster surface. This is believed to be
either a diphosphine monoxide, binding in a monodentate fashion to the cluster surface or a
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Au-diphosphine-complex binding to the Au-cluster surface. The latter was proposed by Sharma
et al. for a TPP-stabilized usAuNP with a mean Au-core diameter of 1.8 nm. [122] Using
31P-NMR spectroscopy, it could not be distinguished if it is either of them. However no crystal
structures could be obtained from any of the particles. Thus, the exact binding characteristics
remain unclear.
Nonetheless, stability experiments by digestion with CN--ions revealed a higher level of stability
of the DPPBTS-stabilized Au-cluster in comparison to a TPPMS-stabilized Au-cluster of the
same size. Thus proving that the chelating effect of DPPBTS leads to a higher binding strength
to the Au-cluster and thereby enhances cluster stability.
Ligand-exchange reactions on three different TPP-stabilized Au-clusters with defined crystal
structure showed that by ligand exchange on [Au9(PPh3)8](NO3)3 usAuNP with a Au-core size
of around 1.0 nm can be obtained. 31P-NMR spectroscopy revealed oxide and Au(I)-complex
impurities. So far the obtained DPPBTS-stabilized Au-cluster could not be purified, due to prob-
lems with the decomposition of the product. In fact [Au8(PPh3)8](NO3)2 and [Au11(PPh3)7Cl3]
proofed to be very stable against a ligand exchange with DPPPTS or DPPBTS and were not
suitable for the synthesis of diphosphine-stabilized usAuNP.
The results of the synthesis experiments for diphosphine-stabilized usAuNP are briefly summa-
rized in Table 3.10.
The lack of detailed structural information on the obtained diphosphine-stabilized usAuNP,
prevented their use for further cytotoxicity tests.
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Table 3.10: Summary of the synthesis experiments on diphosphine-stabilized usAuNP.
Au9 represents [Au9(PPh3)8](NO3)3, whereas Au8 and Au11 represent
[Au8(PPh3)8](NO3)2 and [Au11(PPh3)7Cl3], respectively.
Method Ligand d(TEM) /
nm
d(AFM) /
nm
Note
Ligand exchange on
[Au(THT)Cl]
DPPBTS - - no complex isolated
Direct synthesis DPPETS 1.8±0.4 1-4.5 polydisperse mixture
Direct synthesis DPPPTS - 1.2±0.3
Direct synthesis DPPBTS 1.6±0.3 2.3±0.7
Direct synthesis DPPPeTS 1.3±0.3 2.0±0.4
Direct synthesis DPPHTS 2.2±0.6 1.5±0.4 polydisperse mixture
Ligand exchange on Au9 DPPPTS - - no ligand exchange
Ligand exchange on Au9 DPPBTS 1.0±0.2 0.9±0.1 oxide and
Au(I)-impurities
Ligand exchange on Au8,
Au11
DPPBTS - - no ligand exchange
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3.5 Biocompatibility studies of TPPMS-stabilized AuNP
The evaluation of the biocompatiblity of AuNP is an important factor for future biomedical
applications. Previous works by Pan et al. showed that TPPMS-stabilized AuNP exhibit a size
dependent cytotoxicity on different cell lines, with the highest cytotoxicity for Au1.4MS. [15,18]
To bridge the gap between in vitro and in vivo experiments Leifert et al. performed manual
patch-clamp experiments on potassium ion channels expressing human embryonic kidney (HEK)
293 cells, wherein Au1.4MS showed a high and irreversible blocking effect with an IC50 value
being in the same order of magnitude as for cytotoxicity experiments. [19] As a size-dependency
for cytotoxicity experiments was shown, the question arose if the particle size also influences the
ion channel blocking effect. Therefore, differently sized TPPMS-stabilized particles were inves-
tigated in patch-clamp experiments. For reasons of simplicity, the particles are abbreviated as
Au(particle size)(stabilizing ligand), as already explained earlier (chapter 3.1.1). The used parti-
cles were Au1.1MS, Au2.0MS, Au4.5MS, Au8.1MS and Au10.4MS, as well as the bifunctionalized
Au1.0MS/MPA. Stock solutions of all particle species were prepared in H2O and the amount of
Au was determined with AAS. For cell viability, the stock solutions were diluted in extracellular
(EC) buffer prior to the patch-clamp experiments. Upon dilution Au8.1MS and Au10.4MS ag-
gregated instantly, this was visible thanks to the color-change in solution from purple to black.
As postulated by the DLVO theory, the colloidal stability of electrostatically stabilized particles is
strongly dependent on the size of the electrostatic double layer which itself depends on the ionic
strength of the solution. [151] Addition of salt to the colloidal solution leads to a saturation of
the ligand induced surface charge and thereby to a reduction of the electrostatic double layer.
The reduction of the electrostatic double layer is stronger for lower ligand-to-Au surface atom
ratios. Au8.1MS and Au10.4MS exhibit a lower ratio of ligand-to-Au surface atoms in comparison
to the smaller particles, thus the aggregation of Au8.1MS and Au10.4MS might be caused by
the reduction of the electrostatic double layer due to the high salt concentration in buffer media.
As Au8.1MS and Au10.4MS were not stable in buffer media, they were not further investigated.
All other particles remained stable upon dilution.
In order to asses the hERG channel blocking potency HEK 293 cells transfected with the hERG
gene were used in the automated patch-clamp system CytoPatch™. Individual cells were caught
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on a quartz pipette and under suction, a gigaseal state was achieved. With further pressure pulses,
the whole-cell breakthrough was obtained. A typical pulse protocol with a channel opening time
of 2 s was applied and the hERG tail current was monitored as read out. After a stable whole-cell
configuration with a membrane resistance higher than 500 MOhm was maintained, the cell was
perfused with EC buffer for 10 min as a control experiment. Subsequently the cell was perfused
with the sample solution for 12 min and the hERG tail current amplitude was monitored during
the application time. The tail current amplitude at the end of the sample addition was compared
to the current amplitude at the end of the control phase in order to quantify the current change,
responsible for the inhibition caused by the applied sample. Each concentration was measured
3-5 times and the mean value of the inhibition was determined in this way.
A control experiment with Au1.4MS at a concentration of 65 µM [Au] was conducted in order
to verify that the results of the automated patch-clamp system are comparable with the manual
patch-clamp system utilized in previous studies. The addition of Au1.4MS led to a decrease of
the hERG tail current of more than 50 % and slow onset blocking kinetics (Fig. 3.52) which
confirms earlier results from manual patch-clamp experiments. [19]
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Figure 3.52: Percentage of the hERG tail current amplitude with time. The black line
indicates the start of the perfusion with a 65 µM [Au] solution of Au1.4MS.
Applying Au1.0MS/MPA, a reduction of the hERG tail current by 30 % was monitored for a
concentration of 65 µM [Au], whereas at concentrations of 100 and 300 µM [Au], a reproducible
and instant decrease of the whole-cell resistance was observed. Applying Au1.1MS a reduction
of the hERG tail current by 30 % at a concentration of 100 µM [Au] was measured, whereas at
a higher concentration of 300 µM [Au], the whole-cell resistance dropped significantly. The rapid
decrease of the whole-cell resistance for Au1.0MS/MPA and Au1.1MS - which is also referred
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to as cell “leakiness” - prevented the calculation of an IC50-value for the blocking efficacy of
Au1.0MS/MPA and Au1.1MS. Nevertheless, the data indicates an IC50 value that is higher than
65 µM [Au] for Au1.0MS/MPA and higher than 100 µM [Au] for Au1.1MS.
In order to exclude the free ligands as inducer for cell “leakiness” and blocking effect of
Au1.0MS/MPA and Au1.1MS, reference measurements on free MPA were conducted. MPA
shows only a small blocking effect of around 9 % at a concentration of 100 µM MPA and no
strong effect on the whole-cell resistance. Free TPPMS did not show a decrease in whole-cell
resistance within a significant concentration range, as well as only a low blocking effect of around
10 % at a concentration of 100 µM TPPMS, as already described in earlier experiments. [19]
Further reference experiments were conducted to exclude the influence of possible decomposition
products on the whole-cell resistance drop and the blocking effect. Earlier works showed instant
cell “leakiness” upon addition of the Au(I)-complex [Au(TPPMS)Cl]. [152] As a result that the
particle solutions of Au1.0MS/MPA and Au1.1MS were stored at 4 ℃ for a few weeks before
the measurements were conducted, a possible decomposition might have taken place, generating
[Au(TPPMS)Cl]. Therefore 31P-NMR spectroscopy measurements of the stock solutions after
patch-clamp experiments were conducted. The 31P-NMR spectrum for Au1.1MS only shows one
resonance at 57.26 ppm for the cluster itself (Fig. 3.53 a)). Whereas the 31P-NMR spectrum
for Au1.0MS/MPA (Fig. 3.53 a)) shows one main resonance at 51.58 ppm for Au1.0MS/MPA
amongst other resonances with negligible intensity, which were also found in the initial stock
solution. Both spectra do not reveal the signal for free [Au(TPPMS)Cl] at 34.12 ppm. [153]
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Figure 3.53: 31P-NMR-spectrum of a) Au1.1MS and b) Au1.0MS/MPA stock solution in
D2O after storage at RT.
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From the reference measurements it is concluded that the blocking effect, as well as the “leak-
age” effect at higher concentrations are directly caused by Au1.0MS/MPA and Au1.1MS.
An explanation for the cell “leakage” effect of NP described in literature [154–156] is the disrup-
tion of the cell membrane, which leads to hole formation and thereby an increase in conductivity.
All studies revealed that structural alterations are predominantly caused by positively charged
AuNP on negatively charged cell membranes, like for example the cell membrane of HEK293
cells. As Au1.0MS/MPA and Au1.1MS show an overall negative surface charge at physiologi-
cal pH, due to the negatively charged TPPMS ligands, a hole formation event on a negatively
charged membrane is unlikely. At the moment it is still unclear how cell “leakage” is induced by
Au1.0MS/MPA and Au1.1MS.
For Au2.0MS and Au4.5MS, an IC50 value for the blocking efficacy of 60 µM [Au] and 162 µM
[Au] was calculated, respectively. No steady state corresponding to a channel block of 100 %,
was attained for any of the measurements.
For comparative purposes the cytotoxicity IC50 values for all used particles were determined and
are summarized together with the channel inhibition data and the IC50 values from patch-clamp
experiments in Table 3.11. Note that the blocking effect is not responsible for the cytotoxic effect
of the particles and vice versa. As patch-clamp experiments are conducted in an order of minutes
and cytotoxicity tests are conducted in an order of hours, they cannot be directly correlated.
In order to visualize the size-dependency of the inhibition of the hERG ion channel and the
cytotoxicity caused by the measured AuNP, the IC50 values derived from patch-clamp experiments
as well as the IC50 values acquired by XTT cytotoxicity assays were plotted in terms of the
different TPPMS-stabilized AuNP (Fig. 3.54). Note that the concentration values for Au1.1MS
and Au1.0MS/MPA derived by patch-clamp experiments represent the concentration at which a
blocking effect of 30 % was observed.
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Table 3.11: Summary of the concentration-dependent cytotoxicity and inhibition (Inh.) of
the hERG ion channel for different sized TPPMS-stabilized AuNP.
Substance [Au] / µM Inh. / % STD / % IC50 (PC) / µM IC50 (XTT) / µM
Au1.1MS 65 18.1 9.5
100 27.9 5.9 > 100 264
300 - -
Au1.0MS/MPA 10 1.1 3.9
65 29.5 20.5 > 65 705
100 - -
300 - -
MPA 100 9.2 8.3 -
TPPMS 100 10(1) - -
Au1.4MS 65 56.4 8.9 16.9(1) 43(2)
Au2.0MS 10 32.9 6.5
30 27.7 6.2 60 67(2)
65 52.5 26.6
100 69.2 4.5
Au4.5MS 30 12.3 8.9
100 22.1 8.9 162 437(2)
300 61.9 5.1
400 65.6 12.8
(1) Published in [19] (2) Published in [157]
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Figure 3.54: Comparison of IC50 values derived from patch-clamp experiments (white)
and XTT assays (striped) for different TPPMS-stabilized AuNP. IC50 values
are given in µM referring to Au on a logarithmic scale.
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The TPPMS-stabilized particles Au1.1MS, Au1.4MS, Au2.0MS and Au.4.5MS show the same
size dependent trend for the IC50 values derived from XTT and patch-clamp experiments, with
a maximal cardiotoxicity, as well as cytotoxicity on HeLa cells for Au1.4MS. Thereby affirming
the hypothesis of the “naked” Au-core being the blocking species in patch-clamp experiments.
Considering the results from Monte Carlo simulations [19], Au1.4MS might have the ideal size
to block the channel entrance amongst all tested TPPMS-stabilized AuNP.
For Au1.0MS/MPA a much lower cytotoxic effect compared to the blocking effect on the
hERG ion channel was found, thus indicating a different mechanism for the interaction of
Au1.0MS/MPA with the hERG ion channel in comparison to the same sized Au1.1MS. As
Au1.0MS/MPA is partially stabilized with the stronger binding thiol MPA, an interaction of the
hERG ion channel with these ligands might be possible. The hERG ion channel is formed by an
assembly of four identical subunits which each consist of six α-helical transmembrane domains.
Two of those domains show a negative surface charge on the extracellular side of the channel
due to multiple aspartic acid residues. [113] Aspartic acid exhibits two carboxylic acid functions
with the β-carboxylic acid function being a weak acid (pKa = 3.9 [158]), whereas MPA exhibits
one weak carboxylic acid function (pKa = 4.3 [159]). Therefore, both acid functions should be
partially protonated at physiological pH (pH = 7.4). This might allow for hydrogen bonding
between these two carboxylic functions. Furthermore, a complexation of the deprotonated
carboxylic acid functions of Aspartic acid and MPA with the Ca2+-ions from the EC buffer is
imaginable. A combination of these two binding modes might lead to a possible multidentate
binding of Au1.0MS/MPA to the channel entrance, which could explain the strong blocking
effect of Au1.0MS/MPA on the ion channel.
The lower cytotoxicity for Au1.0MS/MPA in comparison to Au1.1MS is presumably caused by
the stronger binding of the thiol ligand to the Au-surface thereby improving the stabilization of
the particle. [18]
In order to proof that the particles have not been chemically altered due to the dilution
in buffer and the patch-clamp measurement, post-analytical analysis was conducted. For post-
analytical analysis the outlet system of the automated patch-clamp system was used to collect
samples from every measurement. The samples were analyzed manually with OES. Reference
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spectra for every substance in EC buffer were measured. All spectra were normalized to the
maximum absorbance. For comparison purposes, the normalized spectra from the measurement
with the highest particle concentration for every particle species, except for Au4.5MS, are shown
together with the corresponding reference spectra (see Fig. 3.55, 3.56 and 3.57).
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Figure 3.55: Comparison between reference (red line) and post-analytical absorbance
spectra (black line) of a) Au1.0MS/MPA and b) Au1.1MS in H2O. No signifi-
cant changes between the reference and post-analytical absorbance spectrum
are observable.
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Figure 3.56: Comparison between reference (red line) and post-analytical absorbance
spectra (black line) of a) Au1.4MS and b) Au2.0MS in H2O. No significant
changes between the reference and post-analytical absorbance spectrum are
observable.
Due to the low concentrations of the particle solution utilized in patch-clamp experiments, the
post-analytical spectra exhibit artifacts at 340 nm, 397 nm and 729 nm. The artifact around
340 nm is caused by the change of the illumination source, whereas the other two are caused by
reflection in the measuring cuvette. The spectra of Au1.1MS and Au1.0MS/MPA show distinct
extinction maxima which are less pronounced than in the reference spectra but found at the
same position (Fig. 3.55), indicating that no chemical alteration of the particles has taken place.
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Figure 3.57: Comparison between reference (red line) and post-analytical absorbance
spectrum (black line) of Au4.5MS. The plasmon peak in the post-analytical
spectrum is slightly red shifted compared to the reference spectrum.
Considering Au1.4MS and Au2.0MS (Fig. 3.56), a broad absorbance is observed in the reference
and post-analytical spectra, also indicating that the particles were not altered. A comparison of
the reference spectrum of Au4.5MS with the post-analytical spectrum (Fig. 3.57) shows a slight
red shift of the plasmon resonance peak of about 2 nm, suggesting a small increase in particle
size.
In addition, HAADF-STEM images of the post-analytical samples of Au1.4MS, Au2.0MS and
Au4.5MS were measured. The high amount of organic molecules in the EC buffer led to a
fast contamination of the samples under irradiation with the electron beam, thereby impeding
particle observation at the needed resolutions. A second problem was the low amount of particles
in the post-analytical samples. Nevertheless, some particles were observed and STEM images
were measured.
The STEM image of the post-analytical sample of Au1.4MS (65 µM [Au]) (Fig. 3.58) shows
no significant change in particle size. A particle distribution with most particles in the range
between 1.4-1.6 nm and a mean particle diameter of 1.5 ± 0.2 nm was determined. Considering
the STEM image of the post-analytical sample of Au2.0MS (100 µM [Au]) (Fig. 3.59) the strong
contamination of the sample is visible. The particle size distribution shows that most particles are
around 2 nm and have an average diameter of 1.9 ± 0.3 nm. Revealing no significant size change
for Au2.0MS. For the post-analytical sample of Au4.5MS (100 µM [Au]) a size increase and a
higher polydispersity with an average core diameter of 5 ± 1.0 nm is observed (see Fig. 3.60).
This confirms the slight red shift of the plasmon peak monitored with OES. Post-analytical data
for all samples revealed no significant change in particle size.
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Figure 3.58: a) Representative STEM image of the post-analytical sample of Au1.4MS
(65 µM [Au]) and b) the corresponding size distribution showing a particle
core diameter of 1.5 ± 0.2 nm. A number of 116 particles were counted
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Figure 3.59: a) Representative STEM image of the post-analytical sample of Au2.0MS
(100 µM [Au]) and b) the corresponding size distribution showing a particle
core diameter of 1.9 ± 0.3 nm. A number of 60 particles were counted
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Figure 3.60: a) Representative STEM image of the post-analytical sample of Au4.5MS
(300 µM [Au]) and b) the corresponding size distribution showing a particle
core diameter of 5.0 ± 1.0 nm. A number of 244 particles were counted
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3.6 HRTEM measurements
During this work, it became evident that the crystallization of the synthesized small Au-clusters
for single-XRD analysis is a huge challenge and could so far not be achieved for the majority of
the obtained clusters.
In recent approaches the molecular structure of the TPP-stabilized Au55-cluster was investigated
using high-resolution electron microscopy in comparison with simulations of the proposed cluster
structure. [68] For this purpose HRTEM images of high quality are needed.
A first assessment of the performance of the HRTEM at hand for the structural characterization
of usAuNP is possible by the use of slightly larger AuNP (d > 2 nm). It is known that
such AuNP often exhibit decahedral or icosahedral morphologies. [160–162] Those so called
multiple-twinned particles consist of 5 (decahedron) or 20 (icosahedron) densely packed
tetrahedral building blocks pilled together. Each of these building blocks exhibits a fcc structure
(bulk Au). [163–165] Pilling of the tetrahedral units leads to the formation of gaps in between
them. In order to fill this free space a slight distortion of the tetrahedral building blocks is
necessary, thus resulting in a crystal structure that differs from fcc for each of the distorted
tetrahedra. For the icosahedral morphology, a rhomoboedral crystal structure, whereas for the
decahedral morphology a body-centered orthorhombic crystal structure is observed for each of
the tetrahedral building units. [166]
In order to asses HRTEM for the structural characterization of usAuNP, 4’-methyl-1,1’-
biphenyl-4-propanethiol (BP3)-stabilized AuNP with a core diameter of 4.1 ± 0.5 nm were used
because they show a high stability and can be synthesized with a narrow size distribution.
Blech et al. investigated the temperature-dependent charge transport behavior of these particles
trapped in a nanogap. They observed a discontinuity of the conductance between 245-265 K. In
comparison to a quantitative phase diagram for AuNP, derived by Barnard et al., they assigned
this discontinuity to a possible change in the nanoparticle structure (between icosahedral and
decahedral morphology) and a rearrangement of the ligand shell on the NP surface. [161,167] It
is thus not only interesting to investigate the structure of the particles at RT, but also at lower
temperatures.
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As already described in chapter 2.3, the contrast of the observed particles is influenced by the
background contrast of the supporting carbon film, in which case a thinner carbon film results in
decreased background contrast. In order to further enhance the resolution of the AuNP ultrathin
carbon nanomembranes (CNMs) (thickness = 1 nm), which were supported by a holey carbon
coated copper grid, were used. [168,169]
For the HRTEM measurements the particles were dissolved in toluene and casted on a CNM.
The sample was dried in an exsiccator. Using a cubed cs-corrected Titan TEM at 300 kV, high
resolution images of the AuNP could be measured at RT (see Fig. 3.61).
4 nm
a) b)
4 nm
Figure 3.61: a), b) Representative images of polyhedral structures of BP3-stabilized AuNP
on CNM at RT.
As observable from Figure 3.61 a) and b) the AuNP exhibit polyhedral structures. In order
to provide a detail, two representative particles of similar size are shown in detail in Fig.3.62,
together with their fast Fourier transformation (FFT).
A comparison of the image and FFT of the AuNP shown in Fig. 3.62 a), b) with the image and
FFT of a literature known similarly sized (d ≈ 5 nm) silver NP shows that the AuNP exhibits a
decahedral morphology in 5-fold symmetry. The FFT of the silver NP and the AuNP look alike
and show diffraction spots belonging to the {1 1 1} and {2 0 0} lattice planes. [170] Whereas
a comparison of the image and FFT of the AuNP shown in Fig. 3.62 c), d) with the image and
diffraction pattern of another literature known similar sized (d ≈ 4.8 nm) silver NP suggests an
icosahedral morphology in 3-fold symmetry for this AuNP. The diffraction pattern of the silver
NP exhibits six spots around the center of the diffraction pattern, which are also found in the
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a) b)
c) d)
1 nm
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{1 1 1}
1 nm
Figure 3.62: HRTEM images and their corresponding FFT of BP3-stabilized AuNP with
a), b) decahedral and c),d) iscosahedral morphology on CNM at RT.
FFT of the AuNP. Those diffraction spots represent six sets of {1 1 1} lattice plane fringes. [170]
Thus, the BP3-stabilized AuNP show decahedral, as well as iscosahedral particle morphologies
at RT. This is in accordance to the phase diagram proposed by Barnard et al., as 4-5 nm AuNP
are close to the transition border between icosahedral and decahedral morphology at RT. [161]
The sample holder was cooled to approximately 80 K with liquid N2. In comparison to the
measurements at RT, the carbon grid showed crystalline areas on the TEM image (see Fig.
3.63 a)), which might lead to the conclusion that residues of toluene (melting point at 178 K)
have frozen on the grid. Upon being exposed to the electron beam, the nanomembranes became
charged and folded upwards and finally became detached from the supporting copper grid (see
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Fig. 3.63 b)). This charging effect might be due to the remaining toluene, which has a very low
conductivity. No imaging of particles was possible under these conditions.
100 nm
a) b)
100 nm
Figure 3.63: a) Frozen toluene on intact CNM and b) detached CNM.
The use of a holey carbon coated copper grid with a carbon film thickness of around 10 nm,
led to poor resolutions especially at low temperature and the polyhedra could not be observed
clearly (see Fig. 3.64), which is possibly caused by the higher thickness of the carbon film.
5 nm
a) b)
5 nm
Figure 3.64: a), b) Images of BP3-stabilized AuNP on holey-carbon coated Cu-grid at
80 K.
A solution might be to use a more volatile solvent in which the AuNP are still soluble, so as to
make sure that all solvent has been removed after drying in the exsiccator. Thus, a new sample
was prepared by substituting toluene with DCM. Imaging at RT revealed a less homogeneous
sample as before with a number of fused particles (see Fig. 3.65 a)). This leads to the conclusion
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that the AuNP are not as stable in DCM as they are in toluene. Upon cooling to 173 K the
CNM broke again at many positions. Some areas with particles remained intact. However, due
to a strong specimen drift, the image quality is too low in order to be able to observe defined
ployhedra (Fig. 3.65 b)).
20 nm
a) b)
10 nm
Figure 3.65: Images of polydisperse mixture of BP3-stabilized AuNP on CNM at a) RT
and b) 173 K.
The sample was heated to 193 K and dendritic morphologies were imaged (see Fig. 3.66 a)),
which were also observed upon further heating to RT (see fig 3.66 b)). Again indicating a low
stability of the AuNP in DCM, which led to an aggregation of the AuNP.
40 nm
a) b)
40 nm
Figure 3.66: Images of dendritic morphologies formed by BP3-stabilized AuNP on CNM
at a) 193 K and b) RT.
Research is ongoing to solve the problem of particle agglomeration and membrane disruption.
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The experiments herein showed that it is possible to image the structure of AuNP with
a Au-core diameter around 4 nm with a very good resolution at RT, by the use of ultrathin
carbon supports. Thus a combination of CNM and the used HRTEM might be also a suitable
method for the structural determination of usAuNP at RT.
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Within the presented work four main topics related to the field of water-soluble phosphine-
stabilized ultrasmall gold nanoparticles (usAuNP) were investigated. These include the
optimization of synthesis and crystallization processes for water-soluble monophosphine-
stabilized usAuNP, as well as the synthesis of new usAuNP with chelating diphosphine
ligands. Furthermore, biocompatibility experiments were conducted with the newly found
monophosphine-stabilized usAuNP and monophosphine-stabilized AuNP of larger sizes. At last
high-resolution transmission electron microscopy (HRTEM) was elucidated as a tool for the
structural characterization of usAuNP.
Crystallization attempts on a mixed ligated mercaptopropionic acid (MPA)/triphenylphosphine-
monosulfonate (TPPMS)-stabilized Au-cluster, having the proposed composition
Na2[Au25(TPPMSNa)10(SC2H4COOH)5Cl2] · 5H2O yielded small crystals with dimen-
sions in the 100 µm range. Energy dispersive X-ray (EDX) analysis revealed the presence of the
expected elements. However, no crystal structure was obtained due to the weak diffraction and
the low stability of the crystals. Therefore the proposed structural composition could not be
verified.
A possible method to enhance the diffraction intensity of the crystals might be synchrotron
radiation. Further ideas are the use of matrices like for example metal organic frameworks with
defined pore sizes, in which larger and more defined crystals can be grown.
Earlier results from our working group revealed the existence of a water-soluble monophosphine-
stabilized Au9-cluster species, with the structural composition Na8-x[Au9(TPPMS)8]Cl3-x · nH2O
(0≤x≤3, n ≈ 16), which was obtained as a side product from the reduction of [Au(TPPMS)Cl]
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in the presence of MPA with NaBH4. [21] In this work the synthesis of the aforementioned
Au9-cluster could be strongly optimized by the reduction of [Au(TPPMS)Cl] with NaBH4 in the
absence of MPA. Furthermore, the optimization of the cluster purification, led to a much better
yield. The purity of the product was proven by 31P-NMR experiments. Following crystallization,
the product revealed the same structural composition as mentioned before, which was affirmed
by EDX measurements.
Crystallization experiments for the TPPMS-stabilized Au9-cluster are ongoing, to fully resolve
its crystal structure.
In order to obtain water-soluble diphosphine-stabilized usAuNP, tetrasulfonated bis(diphenylphos-
phino)alkanes with different alkyl chain lengths have been synthesized (see Table 4.1) in good
purity, with small amounts of oxide impurities (5 mol%) for ligands with longer alkyl chains
(DPPPeTS and DPPHTS).
Table 4.1: Structure and abbreviation for the sulfonation reaction products.
Structure n Abbrev.
P
P
NaO3S
SO3Na
SO3NaNaO3S n
1 DPPETS
2 DPPPTS
3 DPPBTS
4 DPPPeTS
5 DPPHTS
For the synthesis of diphosphine-stabilized usAuNP three main synthesis routes have been
conducted.
First it was attempted to synthesize Au(I)-DPPBTS-complexes by a ligand exchange reaction on
[Au(THT)Cl] with DPPBTS for the later reduction to usAuNP. The ligand-exchange with differ-
ent equivalents of DPPBTS mainly yielded complicated mixtures of Au(I)-DPPBTS-complexes,
as well as unstable products, proven by optical extinction spectroscopy (OES) and 31P-NMR
spectroscopy. Due to the bidentate nature of the ligand a variety of different Au(I)-structures
were found, which could not be isolated as defined species, mainly because of their similar
solubility and intermolecular exchange dynamics. Nonetheless, the 31P-NMR experiments on
Au(I)-DPPBTS-complexes proofed to be very valuable for the understanding of the complicated
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31P-NMR spectra found in the later direct synthesis and ligand exchange experiments.
The second approach for the synthesis of diphosphine-stabilized usAuNP, was the reduction
of AuCl3 with NaBH4 in MeOH in the presence of DPPXTS (X = E, P, B, Pe, H). For
the first time water-soluble Au-clusters, stabilized by a chelating diphosphine ligand were
obtained, as proven by OES and 31P-NMR spectroscopy. HRTEM and atomic force microscopy
(AFM) revealed mean Au-core sizes < 2 nm with narrow size distributions for DPPPTS,
DPPBTS and DPPPeTS, as well as polydisperse mixtures with Au-core sizes up to 3 nm for
DPPETS and DPPHTS. The lower selectivity of DPPHTS is explained by its longer alkyl
chain and the resulting higher flexibility of the ligand. 31P-NMR experiments revealed a second
binding motif on the Au-cluster surface besides the chelating diphosphine for all synthesized
particles. By comparison to literature, the second binding motif is supposed to be either a
diphosphine monoxide binding to the Au-cluster surface with the unoxidized P-atom or a
Au(I)-diphosphine-complex binding to the Au-surface in analogy to the staple motifs found in
thiol-stabilized Au-clusters. From 31P-NMR experiments it cannot be distinguished between
those two possibilities.
Digestion experiments with CN--ions on the DPPBTS-stabilized Au-cluster and a TPPMS-
stabilized Au-cluster of the same size showed that the chelating ligand DPPBTS led to an
improvement in particle stability. This shows that the synthesis of usAuNP with a mean
particle core diameter < 2 nm and a higher stability compared to monodentate-stabilized
usAuNP of same size was successful. However, no crystals could be obtained for any of
the synthesized particles. Thus, an estimation of the composition of the DPPBTS-stabilized
Au-cluster was conducted, by geometrical considerations, as well as 31P-NMR data and con-
siderations from literature known crystal-structures of non-water-soluble diphosphine-stabilized
Au-clusters. Applying the diphosphine monoxide binding motif, a molecular composition of
[Au127(DPPBTS)11(DPPBTS=O)7] was estimated, which seems to be a reasonable composition
if compared to literature known Au-clusters with a similar number of Au-atoms. As the
exact structure of the synthesized Au-clusters is still unknown, they were not used in any
biocompatiblity tests.
A third approach for the synthesis of diphosphine-stabilized usAuNP was a ligand exchange
reaction on different structurally defined triphenylphosphine (TPP)-stabilized Au-clusters with
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DPPPTS and DPPBTS. Whereas [Au8(PPh3)8](NO3)2 and [Au11(PPh3)7Cl3] did not show
a successful ligand exchange reaction with DPPPTS or DPPBTS, the ligand exchange on
[Au9(PPh3)8](NO3)3 with DPPBTS was successful. After careful optimization of the reaction
parameters, the use of [Au9(PPh3)8](NO3)3 and DPPBTS yielded a DPPBTS-stabilized usAuNP
with distinct absorbance features in OES and a core diameter of 1.0 ± 0.2 nm, as proven by
high-angle annular dark field scanning transmission electron microscopy (HAADF-STEM) and
AFM. However, 31P-NMR data suggested a Au(I)-DPPBTS-complex, as well as DPPBTS=O2
impurities, which could not be removed with different purification methods. As the obtained
DPPBTS-stabilized usAuNP could not be purified, they were not used in biocompatibility
experiments.
The synthesis of diphosphine-stabilized Au-clusters remains challenging. Considering newest
literature it seems to be promising to focus on the synthesis and isolation of defined
Au(I)-complexes for later reduction to usAuNP. Furthermore, the synthesis of water-soluble
diphosphines with a rigid P-P spacer for particle synthesis experiments might enhance the
selectivity of the reactions. Nevertheless, research is ongoing to characterize the cluster species
obtained from direct synthesis by means of further crystallization experiments. In addition, mass
spectrometry experiments might help to understand the binding characteristics found for the
diphosphine-stabilized Au-clusters and reveal their actual composition. Therefore, experts are
needed.
Further purification attempts with respect to the ligand exchange product of [Au9(PPh3)8](NO3)3
and DPPBTS shall be investigated, like for example gel electrophoresis.
The blocking efficacy on the human-ether-á-go-go (hERG) ion channel for differently
sized TPPMS-stabilized AuNP and one mixed ligated MPA/TPPMS-stabilized usAuNP was
examined with patch-clamp experiments. Au1.4MS showed the highest blocking efficacy,
compared to bigger and smaller TPPMS-stabilized AuNP. This trend is in analogy to
cytotoxicity experiments and affirms the “naked” Au-core as blocking species for the hERG ion
channel inhibition. The mixed ligated Au1.0MS/MPA showed a much lower cytotoxic effect
in comparison to the channel blocking effect, indicating a different blocking mechanism than
for solely TPPMS-stabilized usAuNP. A possible explanation might be a partial protonation of
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the weak acid MPA at physiological pH, which might stick to the negative charged channel
entrance via hydrogen bonding and induce a channel inhibition. Reference experiments, as well
as post-analytical HAADF-STEM and OES data confirmed that the blocking effect is caused
by the particles and not by free ligands or degradation products.
To understand the blocking effect of Au1.0MS/MPA on the hERG ion channel Monte Carlo
simulations in analogy to Au1.4MS might be used.
HRTEM was tested as a tool for the structural investigation of usAuNP. For a first as-
sessment larger BP3-stabilized AuNP (dcore = 4.1 ± 0.5 nm) were used, as they show high
monodispersity, as well as high stability. HRTEM measurements of the sample on an ultrathin
carbon nanomembrane (CNM) revealed decahedral and icosahedral structures for the used AuNP
with a high contrast and very good resolution at RT, showing that HRTEM in combination
with ultrathin carbon supports might also be a valuable tool for the structural investigation of
smaller AuNP (dcore < 2 nm).
As earlier electrical measurements with these particles suggested a structural transition at lower
temperature, the sample was cooled to 80 K. However, now images could be recorded due to
the detachment of the CNM from the Cu-support. This is possibly caused by charging of the
CNM due to residual toluene on its surface, which was applied to deposit the particles onto the
carbon film. To overcome this problem the sample was dissolved in DCM. Unfortunately the
particles did show low stability in DCM indicated by the formation of agglomerates in denditric
structures. Furthermore, the CNM broke again upon cooling. Thus, no low temperature images
with a sufficient resolution could be obtained.
Additional HRTEM measurements on CNMs with the synthesized diphosphine-stabilized
usAuNP are planned to investigate their molecular structure.
In order to measure AuNP at lower temperatures Si-chips will be used, which exhibit
electron-transparent Si3N4 windows. Due to the higher stability of these windows in comparison
to CNMs, this should allow the observation of polyhedral morphologies at lower temperatures
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5.1 Chemicals
All chemicals were provided by the Institut für Anorganische Chemie, RWTH Aachen University
or were purchased from various suppliers. Chemicals were used as ordered, if not stated otherwise.
Chemicals
Acetone, p. a. VWR
Acetonitrile, p. a. J. T. Baker
AgNO3 KMF
AuCl3 ABCR
Au(TPPMS)Cl ABCR
CaCl2 · 2H2O Fluka
Ca(NO3)2 · 4H2O Fluka
CD2Cl2 euriso-top
Celite®535 coarse Fluka
CsCl2 Grüssing
Cs(NO3) Aldrich
Silica Gel 60 Fluka
DCM Fisher chemical
Diethyl ether Acros
DPPP ABCR
DPPB ABCR
DPPPe ABCR
DPPH ABCR
D2O Aldrich
EDTA-disodium dihydrate Fluka
EtOH, p. a. Fisher chemical
HAuCl4 · 3H2O chemPUR
Hexane, p. a. Aldrich
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HCl, 37 % ACROS
H2O2 Geyer
H2SO4, 20 % Riedel de Häen
H2SO4, 65 % Merck
KBr AppliChem
KNO3 Sigma
MeOD Aldrich
MeOH VWR
MgCl2 · 6H2O Merck
MgNO3 · 6H2O Sigma
NaCl Sigma-Aldrich
NaOH Hoesch
NaBH4, p. a. Aldrich
NMe4I Merck
HNO3 Grüssing
SrCl2 · 6H2O Riedel de Häen
THF Grüssing
THT Sigma-Aldrich
TPP Alfa Aesar
2-propanol, p. a. Grüssing
5.2 General comments
5.2.1 Bidistilled water
If not stated otherwise, bidistilled water was used when working with AuNP. The bidistilled water
has been produced with the help of an Elga Purelab Plus∗.
∗If not stated otherwise all instruments are located at the Institut für Anorganische Chemie, RWTH Aachen
University
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5.2.2 Cleaning procedure for reaction vessels
All reaction vessels for the synthesis and crystallization of Au-compounds were cleaned with aqua
regia, rinsed several times with distilled water, rinsed once with bidistilled water and left to dry
at 80 ℃ in the oven at least one day before use.
5.2.3 Reactions under inert atmosphere
All reactions with air sensitive chemicals were carried out under inert atmosphere. Standard
Schlenk techniques were applied. Reaction vessels were degassed under high vacuum and aerated
with inert gas. This cycle was repeated several times. Either in-house N2 or Ar (4.8) was the inert
gas used. Solvents were degassed by applying high vacuum onto a stirred solution of the solvent
for 10 min and then aerated with inert gas. This process was repeated two to three times. Solids
were transferred under inert gas. For the transfer of solvents, syringes that had been previously
filled with inert gas were used.
5.2.4 Centrifugation
After precipitation of fine solids from the solution, the suspensions were transferred into glass
centrifuge tubes with a maximal volume of 12 mL and typically centrifuged with a Hettich EBA III
Centrifuge at 4000 rpm for 15 min at RT or in 15 mL centrifuge tubes (Roth) using a a Herolab
UniCenMR Centrifuge at 20000 G for 15 min at 10 ℃. Small volumes (≤ 1 mL) were centrifuged
in 1 mL microtubes (Brand) in a Thermo Scientific Heraeus Biofuge fresco Centrifuge at 14800
rpm for 15 min at 10 ℃.
5.2.5 Filtration
Fine and air sensitive solids were filtered over a frit in an inert atmosphere.
In order to remove larger particles and aggregates a Watman Anotop®-filter (dpore = 20 nm)
was used.
Low molecular impurities were removed by ultrafiltration using a Sartorius Vivaspin 20 tube with
a molecular weight cut-off of 5 kDa. The tubes were washed three times with bidistilled water
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by applying a pressure of 1.5 bar N2 to the tube or centrifugating it in a Herolab UniCenMR
Centrifuge at 3000 G for 30-40 min at 10 ℃. The sample was then subsequently dissolved in
approximately 10 mL of bidistilled water and washed three times, under the same conditions.
5.2.6 Storage
If not stated otherwise, all solutions have been stored at 4 ℃ in the dark and all solids have
been stored at RT in the dark. Samples sensitive to oxidization have been stored in an inert
atmosphere, therefore either in-house N2 or Ar (4.8) were used.
5.3 Analytics
5.3.1 Atomic absorption spectroscopy (AAS)
AuNP samples of known volume were dissolved in aqua regia and the Au-ion concentration was
determined on a Shimadzu A A-6200 at λ = 242.8 nm.
5.3.2 Atomic force microscopy (AFM)
Samples were strongly diluted (c = 1 mg/mL) and 1 µL of the sample solution was dropcast
onto a clean mica surface (1 cm2, Plano™). After evaporation of the solvent, the sample was
dried in an exsiccator. Measurements were performed in tapping mode on a Digital Instruments
Nanoscope IIIa. The images were processed with Nanotec WsxM 5.0 Developer 6.5. After plane
fitting and flattening of the images, a random height profile was applied in order to evaluate the
particle size.
5.3.3 Electron microscopy imaging
For transmission electron microscopy (TEM), a volume of 5 µL of a diluted sample solution was
dropcast on a carbon coated copper grid (S-160, Plano™)). After evaporation of the solvent, the
grid was left to dry in an exsiccator for at least 24 h. For particles with diameters in and around
1 nm, the solutions were dropcast on holey carbon coated copper grids (S-147-2, Plano™).
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Organic residues were removed by plasma cleaning in an Ar plasma for 6 s prior to the measure-
ment on a Binder PCL 691.
Samples were measured using a Zeiss Libra 200 FE TEM at the Gemeinschaftslabor für Elek-
tronenmikroskopie, RWTH Aachen University. In scanning transmission electron microscopy
(STEM) mode, a high angle annular dark field (HAADF) detector was used for imaging. For
bright field imaging, an OMEGA energy filter was used which enhanced image contrast at high
resolution. The TEM was operated at 200 kV. Statistical analysis of the images was conducted
with CorelDraw, using a visual basic macro developed in the AK Simon.
5.3.4 Elemental analysis
An amount of approx. 6 mg of the sample was analyzed twice using the Elementar Vario EL at
the Institut für Organische Chemie, RWTH Aachen University.
5.3.5 Energy dispersive X-ray (EDX) spectroscopy
Crystals were fixed either on a conductive adhesive carbon tab attached to a pin stub or on a
carbon coated copper grid (S-160, Plano™)). EDX measurements were recorded on a FE-SEM
Leo Supra 35 VP with an integrated EDX system (Oxford Inca Energy 200, SiLi crystal, 133 eV,
10 mm2) in Oxford Instruments INCA or on a Zeiss Libra 200 FE TEM with a Bruker XFlash
5030/TEM detector in App Five Zeiss ZEMAS. Spectra were processed with Origin 9.0G and
compared to literature data.
5.3.6 Nuclear magnetic resonance (NMR) spectroscopy
Samples were diluted in 0.5 mL of deuterated solvent. Air sensitive samples were diluted in
degased deuterated solvent under inert atmosphere. The NMR tube to be used was evacuated
and aerated with inert gas (N2 or Ar) using standard Schlenk technique before it was filled
with the sample solution and sealed. 1H- and 31P-NMR spectroscopy were performed using a
Bruker Avant II 400. In the case of 1H-NMR spectroscopy the chemical shift of the solvent
was used as an internal standard, whereas for 31P{1H}-NMR spectroscopy H3PO4 was used as
external standard. For very diluted solutions the number of scans was increased from 16 to 160
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for 1H-NMR spectroscopy and from 256 to 4096 for 31P-NMR spectroscopy. NMR spectra were
processed with the ACD Free Labs 1D NMR Processor software.
5.3.7 Optical extinction spectroscopy (OES)
The samples were diluted with the respective solvent, until the spectra showed a maximal ab-
sorbance below 1. For the measurements, 10x2 mm cuvettes made out of silica glass Hellma
SUPRASIL® were used. Background spectra of the pure solvent were taken before the sample
measurement. The spectra were measured on a Jasco V-630 Spectrophotometer usually between
200-800 nm at RT (measurement accuracy ± 0.2 nm). Spectra were processed and normalized
to the maximal absorbance with Origin 9.0G
5.3.8 Stability experiments
For the stability experiments a diluted solution of the samples was prepared and the Au-
concentration was determined by means of AAS measurements. The solutions were further
diluted with H2O to a defined Au-concentration, obtaining a maximum absorbance in OES
which is close to 1. 300 µL of the solution were filled into a 10x2 mm silica glass cuvette Hellma
SUPRASIL® and an absorbance spectrum between 250-800 nm was measured at RT. Afterwards
20 µL of a 0.1 M KCN solution were added and a long-term measurement on a Jasco V-630
Spectrophotometer (1 spectrum/5 min, 1000 min) was conducted. The TPPMS-stabilized
Au-cluster sample (Au1.6MS) for comparison purposes was provided by Birgit Hahn. Data
evaluation was conducted with Origin 9.0G.
5.3.9 Single crystal X-ray diffraction (XRD) analysis
A plate-like Au1.1MS crystal was measured on a Bruker D8 goniometer equipped with an APEX
CCD detector (MoKα radiation , λ = 0.71073 Å). The radiation source, was an INCOATEC
I-µS microsource and an Oxford Cryosystems 700 controller was used for temperature control.
The structure determination was conducted by Dr. Carina Merkens and Prof. Ulli Englert and
is described in detail elsewhere [21] Needle shaped crystals of Au1.0MS/MPA were measured
on an Agilent Xcalibur - Super Nova AS2 equipped with a mirror optic. The radiation source,
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was a Cu-microsource (CuKα radiation , λ = 1.54184 Å) and an Oxford Cryosystrem was used
to keep the temperature at 100 K. The measurements were conducted by Dr. Fraser White at
Agilent Technologies in Oxford. Cylindrical shaped crystals of Au1.0MS/MPA were measured
on an Agilent Xcalibur - Super Nova equipped with a mirror optic. The radiation source, was
a Cu-microsource (CuKα radiation , λ = 1.54184 Å) and an Oxford Cryosystrem was used to
keep the temperature at 100 K. The measurements were conducted by Manuela Winter at the
Institut für Anorganische Chemie, Ruhr-Universität Bochum.
5.4 Biological experiments
5.4.1 Nomenclature of AuNP samples
The AuNP samples used for biological experiments were abbreviated as Au(core di-
ameter)(stabilizing ligand). The particle, for example, Au2.0MS represents a AuNP
with a mean core diameter of 2.0 nm and TPPMS as stabilizing ligand. The parti-
cle Au1.1MS represents the Au-cluster Na8-x[Au9(TPPMS)8]Cl3-x · 16H2O (0≤x≤3).
Whereas Au1.0MS/MPA represents a Au-cluster species with the possible composition
Na2[Au25(TPPMSNa)10(SC2H4COOH)5Cl2] · 5H2O.
The samples Au1.4MS, Au2.0MS, Au4.5MS, Au8.1MS and Au10.4MS were provided by
Dipl-Chem. Janine Broda. Their synthesis and characterization are described elsewhere [157].
Au1.0MS/MPA was provided by Dr. rer. nat. Benjamin Gutrath, its synthesis and characteri-
zation is described elsewhere [22]. Au1.1MS was synthesized in the course of this work and is
described in chapter 5.8.3.
5.4.2 Cytotoxicity tests
The XTT measurements were performed by PD Dr. phil. nat. Julia Steitz at the Institut für
Versuchstierkunde des Universitätsklinikums, RWTH Aachen University. HeLa mouse cervix car-
cinoma cells were cultured in tissue culture plates (Becton Dickinson) in low-glucose Dulbecco’s
modified Eagle’s medium (DMEM, Gibco). Media contained 10 % heat-inactivated fetal bovin
serum (FBS, PanBiotech), 2 mM L-glutamine, 0.1 mM nonessential amino acids, 100 IU/mL
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penicillin (Gibco), and 100 mg/mL streptomycin (Gibco). Confluent cells were harvested with
the help of Trypsin-EDTA and plated in 96-well tissues culture plates at initial densities of 2000
cells/well. All cells were incubated for 48 h at 37 ℃ in water-saturated air supplemented with
5 % CO2. At day 2, old medium was replaced with 100 µL of sample dilutions (starting with a
1:1 dilution of AuNP) in DMEM complete medium. As Control medium only (= 100 % survival
endpoint) and 0.01 % Triton X (= 0 % survival, Sigma Aldrich) were used. Cells were cultured
for further 48 h at 37 ℃ and 5 % CO2. Cell growth was tested by means of the colorimetric
XTT assay, which measures the conversion of the tetrazolium salt to formazan product within
viable breathing cells as a proxy of cell number and viability. The supernatant was removed and
cells were washed 2-3 times with 200 µL/well of sterile phosphate buffered saline (PBS, Sigma
Aldrich). 80 µL/well of fresh DMEM and 20 µL/well of XTT (Sigma Aldrich) solution were
added and incubated for 2-3 h until a color change was detected. Plates were measured with an
ELISA reader (Mulitiskan, Thermo Scientific) at 450 nm, with a reference wavelength of 690 nm.
For the evaluation of the IC50 values, the obtained data was fitted with a dose response fit in
Origin 9.0G.
5.4.3 Patch-clamp experiments
Stock solutions of the samples were prepared by diluting the respective solid or the colloidal
suspension with water. AAS measurements were conducted to determine the Au-concentration
of the sample solutions.
Prior to patch-clamp measurements the stock solutions were diluted to the respective concen-
tration with extracellular buffer (EC). The buffer consists of 140 mM NaCl, 2.5 mM KCl, 2 mM
MgCl2, 2 mM CaCl2, 10 mM HEPES, 10 mM glucose, 15 mM sucrose and was adjusted to
a pH value of 7.4 ± 0.1, with an osmolality of 320 ± 5 mOsmol/kg. The buffer is stored at
4 ℃ and heated up to RT prior to being used. Whereas the intracellular buffer (IC) consists of
100 mM K-gluconate, 20 mM KCl, 1 mM CaCl2 · 2H2O, 1 mM MgCl2 · 6H2O, 10 mM HEPES,
3 mM phosphocreatine-Na2-H2O, 11 mM EGTA-KOH, 16 mM sucrose and 4 mM ATP-Mg2.
The buffer was adjusted to a pH of 7.2 ± 0.1 and an osmolality of 295 ± 5 mOsm/kg. Aliquots
were stored at -20 ℃. The buffer was thawed prior to usage and the osmolality was checked. It
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was not used longer than 4 h.
Frozen instant HEK 293 cells (Cytocentrics Bioscience GmbH) stably transfected with the hERG
ion channel gene were used for this study. The cells were stored in liquid nitrogen and were ready
to be used after having thawed with the EC buffer. They were kept in the Cytocentrics cell
reservoir with a density of 2 million cells/mL at RT and used for 4 h after thawing.
Measurements were performed on the CytoPatch™ instrument at the Cytocentrics Bioscience
GmbH, Rostock under the supervision of Dr. Stefanie Frech and Dr. Olaf Scheel. Recordings
were achieved on a planar microfluidic quartz chip, which is embedded into a silicon package
exhibiting several microfluidic channels. Those channels were used to deliver cells and solutions
to and from the chip. The chip exhibits two concentric openings, one being the patch pipette
with a resistance of 7-9 MOhm, the other one being the so-called Cytocentering Channel. The
latter is used to catch a single cell out of the cell suspension. For the catching process an
appropriate pressure protocol was applied in the Cytocentering Channel which ensures correct
positioning of the cell on the patch pipette. After positioning has been completed, suction was
applied to establish gigaseal formation and break-through into whole-cell configuration. The cell
was perfused with EC buffer for approximately 10 min until stable recording conditions were
achieved. Only cells with a peak current above 300 pA were used. Following the control phase
the perfusion with buffer was stopped and the collecting vessel at the outlet was emptied using
a pipette. The test compound was continuously perfused at a rate of 100 µL/10 min for up to
12 min. Recordings that showed a decrease of the whole-cell membrane resistance below 500
MOhm were stopped and regarded as “leak”. Following compound perfusion, the post-analytical
sample was gathered from the collecting vessel. The following pulse protocol was applied for the
activation of the hERG tail current: holding potential -70 mV, 0.2 s at -80 mV, 0.2 s at -50 mV,
2 s at +40 mV and 2 s at -50 mV. Following this pulse protocol, the cells are clamped again to
holding potential and the protocol is repeated every 10 s. All measurements were carried out at
RT. For the evaluation of the IC50 values, the data obtained was fitted with a dose response fit
in Origin 9.0G.
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5.5 Temperature-dependent HRTEM measurements
AuNP funcitonalized with 4’-Methyl-1,1’-biphenyl-4-propanethiol (BP3) and a size of
4.1 ± 0.4 nm were provided by Dipl.-Chem Kerstin Blech and their synthesis is described
elsewhere [167]. For the TEM measurements at Delft hydrogen-terminated ultrahin carbon
nanomembranes (CNM Technologies GmbH), as well as standard carbon coated copper grids
(Selfmade at the National Centre for High Resolution Electronmicroscopy, Technical University
of Delft) were used. The measurements were conducted on a cubed Cs-corrected FEI Titan
80-300 kV at the National Centre for High Resolution Electronmicroscopy, Technical University
of Delft by M. Sc. Maria Rudneva and M. Sc. Chunhui Liu.
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5.6 Synthesis of ligands
5.6.1 Synthesis of TPPMSNa · 2H2O
The synthesis was conducted according to a protocol developed in our working group in analogy
to Schmid et al. [7]
A flask was filled with 19 mL of 20 % fuming sulfuric acid and 1 mL of 65 % fuming sulfuric
acid. Under vigorous stirring 10 g [40 mmol] of TPP were added. After complete dissolution of
TPP, the reaction mixture was heated to 100 ℃. Every 30 min a drop of the reaction mixture
was mixed with 3 mL of distilled water. The reaction mixture was heated until the absence of a
turbidity in the distilled water. The reaction mixture was then subsequently quenched with 200
mL of H2O and the pH was adjusted to 7 by the addition of saturated NaOH solution at 60 ℃.
During the cooling process, a fine white solid precipitated, which was collected by filtration. The
solid was recrystallized from water under inert atmosphere, filtered and dried in high vacuum.
The product was characterized with 31P-NMR spectroscopy and elemental analysis (see Table
5.2).
Yield: 2.39 g [5.3 mmol, 13 % from theory]
31P{1H}-NMR (D2O, 161.98 MHz, 25 ℃): δ (ppm) [literature value [7] (ppm)] =
-6.3 [-6 ± 1] (s, PPh3).
Table 5.2: Elemental analysis for C18H18NaO5PS.
Content Theory Experimental
C / % 54.00 54.86
H / % 4.53 4.61
5.6.2 Synthesis of diphosphine ligands
The synthesis was performed in an inert atmosphere in analogy to Lucey et al. [123]
A 250 mL three-necked flask equipped with a dropping funnel, a thermometer, a magnetic stir
bar and a gas outlet was filled with 32.5 mL of 30 % fuming sulfuric acid. The sulfuric acid was
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cooled with an ice bath to approx. 2 ℃. A solution of 2.5 g [6 mmol] of DPPX (X = P, B) in
7.5 mL of concentrated sulfuric acid (98 %) was filled into the dropping funnel. Under vigorous
stirring the DPPX (X = P, B) solution was added dropwise to the fuming sulfuric acid, while
maintaining a temperature of approx. 5 ℃. After the addition was completed, 10 mL of fuming
sulfuric acid (30 %) were slowly added via the dropping funnel. The reaction mixture was stirred
for 48 h at RT.
A 1000 mL three-necked flask equipped with a dropping funnel, a thermometer, a magnetic
stir bar and a gas outlet was filled with 250 mL of degased H2O. The reaction mixture was
transferred into the dropping funnel and slowly added to the water as that the temperature did
not rise above 10 ℃. The pH value was adjusted to 2.5 by using saturated sodium hydroxide
solution. By the addition of 250 mL degased MeOH, Na2SO4 was precipitated and filtered off via
a funnel. The filtrate was concentrated to a small volume by evaporation under reduced pressure.
The pH value was then subsequently adjusted to 9 and an additional amount of 125 mL degased
MeOH was added. The precipitated NaSO4 was filtered off and the filtrate was evaporated to
dryness. The resulting yellow-white solid was dried under high vacuum and characterized with
elemental analysis (see Table 5.4) and NMR spectroscopy.
For the sulfonation of DPPPe, 2.5 g [6 mmol] of the educt were dissolved in 23.5 mL of concen-
trated sulfuric acid (98 %).
The sulfonation of DPPH was conducted using 1 g [2.2 mmol] DPPH and dissolved in 7.5 mL
of concentrated sulfuric acid (98 %). All other chemicals were scaled back respectively.
The yield for the reactions is provided in Table 5.3.
Table 5.3: Yields for DPPXTS · 2H2O (X = E, P, B, Pe, H), aprovided by AK Simon,
bsynthesized during diploma thesis [124].
Ligand Yield/g Yield/mmol % from theory
DPPETS · 2H2Oa - - -
DPPPTS · 2H2Ob 2.70 3.15 53
DPPBTS · 2H2O 2.63 3.02 53
DPPPeTS · 2H2O 1.57 1.77 30
DPPHTS · 2H2O 0.53 0.60 28
DPPETS · 2H2O :
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1H-NMR (D2O, 400 MHz, 25 ℃): δ (ppm) [literature value [123] (ppm)] = 2.24 [2.15] (t, 4H,
PCH2); 7.40 [7.30] (br, 8 H, aromatic); 7.70 [7.61] (m, 4 H, aromatic); 7.78 [7.68] (br, 4 H,
aromatic).
31P{1H}-NMR (D2O, 161.98 MHz, 25 ℃): δ (ppm) [literature value [123] (ppm)] = -13.4
[-13.1] (s).
DPPPTS · 2H2O :
1H-NMR (D2O, 400 MHz, 25 ℃): δ (ppm) [literature value [123] (ppm)] = 1.38 [1.42] (br, 2H,
PCH2CH2); 2.17 [2.22] (m, 4 H, PCH2); 7.30 [7.37] (m, 8 H, aromatic); 7.60 [7.65] (m, 4 H,
aromatic); 7.66 [7.70] (m, 8 H, aromatic).
31P{1H}-NMR (D2O, 161.98 MHz, 25 ℃): δ (ppm) [literature value [123] (ppm)] = -16.2
[-16.4] (s).
DPPBTS · 2H2O :
1H-NMR (D2O, 400 MHz, 25 ℃): δ (ppm) [literature value [123] (ppm)] = 1.43 [1.40] (br, 4
H, PCH2CH2); 2.08 [2.03] (m, 4 H, PCH2); 7.40 [7.35] (t, 4 H, aromatic); 7.45 [7.40] (t, 4 H,
aromatic); 7.68 [7.65] (d, 4 H, aromatic); 7.74 [7.71] (d, 4 H, aromatic).
31P{1H}-NMR (D2O, 161.98 MHz, 25 ℃): δ (ppm) [literature value [123] (ppm)] = -15.2
[-15.0] (s).
DPPPeTS · 2H2O :
1H-NMR (D2O, 400 MHz, 25 ℃): δ (ppm) = 1.30 (m, 4 H, PCH2CH2CH2); 1.43 (m, 2 H,
PCH2CH2CH2); 1.99 (m, 4 H, PCH2); 7.40 (t, 4 H, aromatic); 7.46 (t, 4 H, aromatic); 7.67 (d,
4 H, aromatic); 7.76 (d, 4 H, aromatic).
31P{1H}-NMR (D2O, 161.98 MHz, 25 ℃): δ (ppm) = -15.3 (s).
DPPHTS · 2H2O :
1H-NMR (D2O, 400 MHz, 25 ℃): δ (ppm) = 1.27 (br, 8 H, PCH2CH2CH2); 2.04 (br, 4 H,
PCH2); 7.39 (t, 4 H, aromatic); 7.46 (t, 4 H, aromatic); 7.87 (d, 4 H, aromatic); 7.77 (d, 4 H,
aromatic).
31P{1H}-NMR (D2O, 161.98 MHz, 25 ℃): δ (ppm) = -15.1 (s).
142
5.7 Synthesis of Au(I)-complex precursors
Table 5.4: Elemental analysis for DPPXTS · 2H2O (X = E, P, B, Pe, H).
Ligand & composition Content Theory Experimental
DPPETS · 2H2O C / % 37.06 35.68
C26H24Na4O14P2S4 H / % 3.13 2.88
DPPPTS · 2H2O C / % 37.85 36.22
C27H26Na4O14P2S4 H / % 3.07 3.15
DPPBTS · 2H2O C / % 38.62 36.36
C28H28Na4O14P2S4 H / % 3.25 3.85
DPPPeTS · 2H2O C / % 39.37 36.53
C29H30Na4O14P2S4 H / % 3.42 4.30
DPPHTS · 2H2O C / % 40.09 37.59
C30H32Na4O14P2S4 H / % 3.60 3.89
5.6.3 Synthesis of mono- and dioxide of DPPBTS
The synthesis was conducted under Ar atmosphere in analogy to Bakac et al. [171]
20 mg [0.02 mmol] of DPPBTS · 2H2O were dissolved in 10 mL of degased water. Under
vigorous stirring 2.6 µL (1 eq.) or 5.2 µL (2 eq.) degased H2O2 were added. In both cases the
clear colorless solution was stirred for 30 min. The solvent was evaporated under reduced pressure
and a colorless solid was obtained. The product was analyzed by 1H- and 31P-NMR spectroscopy
in D2O. The analytical data is shown and discussed in chapter 3.3.
5.7 Synthesis of Au(I)-complex precursors
5.7.1 Synthesis of [Au(THT)Cl]
The reaction was conducted under N2 atmosphere in the absence of light in analogy to Ahrland
et al. [130]
In a two-necked Schlenk flask 1 g [3 mmol] HAuCl4 · 3H2O were dissolved in 51 mL of degased
EtOH and 1.3 mL of water. A solution of 2.5 mL tetrahydrothiophene (THT) in 25 mL of
degased EtOH was added on a drop-by-drop basis while stirring vigorously. A white precipitate
was formed and the solution was heated to 50 ℃. More THT was added until a clear solution
was obtained. The solution was left to cool to RT and filtered via a frit in an N2 atmosphere,
washed with degased EtOH and dried in a high vacuum. The product was characterized with
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1H-NMR spectroscopy and elemental analysis (see Table 5.5).
Yield: 0.6 g [1.9 mmol, 62 % from theory]
1H-NMR (CD2Cl2, 400 MHz, 25 ℃): δ (ppm) = 2.07 (d, 2 H); 3.22 (d, 2 H).
Table 5.5: Elemental analysis for C4H8AuClS.
Content Theory Experimental
C / % 14.99 15.31
H / % 2.52 2.53
5.7.2 Synthesis of [Au(TPPMSNa)Cl] · H2O
The reaction was conducted under N2 atmosphere in analogy to Sanz et al. [153]
In a Schlenk flask 100 mg [0.3 mmol] [Au(THT)Cl] were suspended in 17 mL of degased MeOH.
Together with 2 mL of degased MeOH, 125 mg [0.3 mmol] TPPMSNa · 2H2O were added.
The resulting colorless solution was stirred for 1 h at RT and filtered over Celite®. The filtrate
was evaporated, the resulting crude product was dissolved in 1 mL of MeOH and precipitated
with diethyl ether. A white solid which was washed several times with diethyl ether and dried in
a high vacuum was obtained. The product was characterized with 31P-NMR spectroscopy and
elemental analysis (see Table 5.6).
Yield: 0.11 g [0.2 mmol, 67 % from theory]
31P{1H}-NMR (D2O), 161.98 MHz, 25 ℃): δ (ppm) [literature value [153] (ppm)] =
31.75 [34.12] (s, PPH3).
Table 5.6: Elemental analysis for C18H16AuClNaO4PS.
Content Theory Experimental
C / % 35.2 35.9
H / % 2.6 2.7
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5.7.3 Synthesis of [Au(PPh3)Cl]
According to Braunstein et al. [172] 8.6 g [22 mmol] of HAuCl4 · 3H2O were dissolved in
300 mL of EtOH and filtered over a filter paper into a 1000 mL Schlenk flask equipped with
a magnetic stir bar. 13 g [50 mmol] TPP were mixed with 300 mL of EtOH in a beaker and
heated until all TPP was dissolved. The resulting TPP solution was added on a drop-by-drop
basis to the Au-solution until this solution turned colorless. During this process a colorless
precipitate was formed which was then subsequently filtered off. The raw product was washed
with EtOH several times, dried in a high vacuum and analyzed with 31P-NMR spectroscopy and
elemental analysis (see Table 5.7).
Yield: 10 g [20 mmol, 91 % from theory]
31P{1H}-NMR (CD2Cl2, 161.98 MHz, 25 ℃): δ (ppm) [literature value [173] = 33.2
[33.2] (s, PPH3)
Table 5.7: Elemental analysis for C18H15AuClP.
Content Theory Experimental
C / % 43.7 44.1
H / % 3.1 3.1
5.7.4 Synthesis of [Au(PPh3)NO3]
The reaction was conducted in an N2 atmosphere in the absence of light. In analogy to Mueting
et al. [174] 2 g [4 mmol] [Au(PPh3)Cl] were dissolved in 40 mL of DCM. A solution of 1.37 g
[8 mmol] AgNO3 in 125 mL of MeOH was added slowly to the Au-complex solution. The
resulting suspension was stirred for 1 h at RT and filtered over Celite®. Afterwards the solvent
was evaporated. The resulting white solid was dissolved in DCM and filtered over Celite®. The
filtrate was evaporated to dryness and the solid dissolved in a mixture of 6 mL DCM and
16 mL EtOH. Then the solution was purged with N2 for 1 h resulting in colorless crystalline
plates, which were washed three time with cold EtOH and afterwards dried in high vacuum. The
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product was characterized with 31P-NMR spectroscopy and elemental analysis (see Table 5.8).
Yield: 1.4 g [3 mmol, 75 % from theory]
31P{1H}-NMR (CD2Cl2, 161.98 MHz, 25 ℃): δ (ppm) [literature value [174]] = 27.3
[25.0] (s, PPH3)
Table 5.8: Elemental analysis for C18H15AuNO3P.
Content Theory Experimental
C / % 42.6 41.5
H / % 2.9 2.6
N / % 2.7 2.5
5.8 TPPMS-stabilized Au-clusters
5.8.1 Crystallization experiments for Au1.0MS/MPA (gas phase
diffusion)
a) 16.5 mg of the cluster were dissolved in 3 mL of water (5.5 mg/mL) and the solution was
equally divided onto three beakers. The beakers were transferred into amber glass bottles
filled with 10 mL of MeOH, EtOH and 2-propanol each and stored at RT for two weeks.
In the case of MeOH and EtOH no precipitate was formed. A powder was obtained with
2-propanol.
b) 3.3 mg of the cluster were dissolved in 100 µL of water (c(cluster) = 33 mg/mL, A1) yielding
a dark green solution. Three dilutions (A2-A4) from this stock solution have been prepared
(see Table 5.9) The solutions were filled into a 5 mL beaker each, transferred into amber glass
bottles filled with 2-propanol and stored at RT. After one week an amorphous precipitate was
obtained in every sample.
c) 7 mg of cluster were dissolved in 1.5 mL of water (c = 4.7 mg/mL). The solution was equally
distributed on three beakers. Afterwards each beaker was transferred into an amber glass
bottle filled with 10 mL of 2-propanol and stored at RT for two weeks. Small red needles
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Table 5.9: Dilution and concentration of different solutions of Au1.0MS/MPA for crystal-
lization with 2-propanol.
No. Dilution c(cluster)/mg/mL
A1 - 33
A2 1:1 16.5
A3 1:4 6.6
A4 1:9 3.3
were obtained due to the diffusion of 2-propanol into the aqueous cluster solution. Pictures of
the needles were measured under the light microscope. Single-XRD analysis was conducted
showing no single crystallinity.
5.8.2 Crystallization experiments for Au1.0MS/MPA (liquid phase
diffusion)
Approximately 3 mg of the cluster were dissolved in 100 µL of water (c ≈ 30 mg/mL, B1).
From this stock solution three dilutions (B2-B4) have been prepared (see Table 5.10). 50 µL of
each solution were filled in a cropped NMR tube, covered with 10 µL of water and 300 µL of 2-
propanol. The tube was sealed with a plastic head and Parafilm®. The tube was then subsequently
stored upright at 4 ℃ in a polystyrene box in the dark. Images of the obtained crystals were
measured under a light microscope. One crystal was measured with EDX and single-XRD analysis.
No evaluable XRD pattern was obtained.
Table 5.10: Dilution and concentration of different solutions of Au1.0MS/MPA for crys-
tallization with 2-propanol in a cropped NMR tube.
No. Dilution c(cluster)/mg/mL
B1 - 30
B2 1:1 15
B3 1:2 10
B4 1:4 6
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5.8.3 Synthesis of Au1.1MS
5.8.3.1 Synthesis and purification
In analogy to Gutrath et al. [22] 452 mg [0.72 mmol] [Au(TPPMSNa)Cl] · H2O were suspended
in 44 mL of EtOH. Under vigorous stirring 6.8 mL of a 0.03 M solution NaBH4 [0.2 mmol]
in ethanol were added on a drop-by-drop basis. The suspension turned into a brown solution.
After stirring for 5 h at RT, the solution was filtered with an Anotop®-filter and the solvent was
removed. The solid was dissolved in 10 mL of water and precipitated by the addition of acetone,
centrifuged and then once again dissolved in water. This process was repeated three times.
For crystallization, 30 mg of the raw product were dissolved in 300 µL of water. Orange-red
crystals formed due to slow diffusion of 2-propanol into the aqueous solution. The product was
analyzed by OES, 1H-NMR and 31P-NMR spectroscopy. One crystal was analyzed by EDX. A
suitable crystal was measured by single-XRD analysis, together with the other analytics yielding
the structural formula Na8-x[Au9(TPPMS)8]Cl3-x · 16H2O (0≤x≤3). Crystal structure data is
provided in [21].
Yield: 35 mg [0.007 mmol, 9 % from theory]
31P{1H}-NMR (CD2Cl2, 161.98 MHz, 25 ℃): δ (ppm) = 57.2 (s, PPh3).
5.8.3.2 Further crystallization attempts
a) Saturated solutions of the cluster in 300 µL of water were prepared and filled into a 10 mL
beaker. The beaker was transferred into an amber glass bottle filled either with acetone,
MeOH, EtOH or 2-propanol and stored at RT. After approximately one week, the samples
were investigated. If precipitation had occurred, the samples were examined under the light
microscope. In the absence of a precipitate, the samples were stored at RT and evaluated
after a few days. Except for 2-propanol no crystalline precipitates were obtained.
b) Approximately 6 mg of the cluster were dissolved in 0.2 mL of MeOH (c(cluster) = 30 mg/mL),
yielding a dark red solution and transferred into a small beaker. The solution was stored at
-27 ℃ for 24 h. No precipitate was obtained.
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c) Around 10 mg of cluster were dissolved in 1 mL of H2O (c(cluster) = 10 mg/mL). To the red
solution, a solution of 26 mg Ca(NO3)2 · 4H2O dissolved in 300 µL water was slowly added.
The solution was stored at 4 ℃. No precipitate was obtained.
d) An amount of 9 mg of cluster was dissolved in 300 µL of MeOH (c(cluster) = 30 mg/mL)
and a solution of 23 mg CaCl2 ·2H2O dissolved in MeOH was slowly added. The mixture was
stored at -27 ℃. No precipitate was obtained.
e) A solution of 35 mg cluster in 1 mL of water (c(cluster) = 35 mg/mL, C1) was prepared.
From this stock solution three dilutions (C2-C4) have been prepared (see Table 5.11), 50 µL
of each solution were transferred to a cropped NMR tube and covered with 10 µL of water.
This layer was covered with 300 µL of 2-propanol and the NMR tube was sealed. All samples
were stored at 4 ℃ in a polystyrene block for four weeks. No precipitate was obtained.
Table 5.11: Dilution and concentration of different solutions of Au1.1MS for crystallization
with 2-propanol in a cropped NMR tube.
No. Dilution c/mg/mL
C1 Stock solution 35
C2 1:1 17.5
C3 1:2 11.7
C4 1:4 7.0
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5.9 Synthesis of diphosphine-stabilized usAuNP
5.9.1 Synthesis of [Aux(DPPBTS)yClz]
5.9.1.1 Ligand exchange on [Au(THT)Cl] with DPPBTS (0.5 and 2 eq)
The reaction was performed under N2 atmosphere.
According to Brandys et al. [129] 40 mg [0.12 mmol] [Au(THT)Cl] were suspended in 7 mL
of MeOH. to this solution 52 mg [0.06 mmol, 0.5 eq.] respectively 208 mg [0.24 mmol, 2 eq.]
DPPBTS · 2H2O, dissolved in 2 mL of water were added. Both mixtures were stirred for 2 h at
RT. Afterwards the slightly yellow suspensions were filtered over a Celite® column and the solvent
was evaporated yielding a yellow-white solid in both cases. The solid was washed three times
with 10 mL of DCM each and once with 3 mL of pentane, yielding a yellowish solid for 0.5 eq. of
DPPBTS · 2H2O and a slightly brownish solid for 2 eq. of DPPBTS · 2H2O. The products were
analyzed using OES, as well as 1H- and 31P-NMR spectroscopy in D2O. The analytical data is
shown and discussed in chapter 3.4.2.1.
5.9.1.2 Low temperature NMR experiment
The experiment was conducted under Ar. 10 mg of the reaction product from the conversion
reaction of [Au(THT)Cl] with 2 eq. DPPBTS · 2H2O were dissolved in 0.6 mL of a 1:1 mixture
MeOD:H2O. A 31P-NMR spectrum was measured at RT and at -40 ℃. The analytical data is
shown and discussed in chapter 3.4.2.1.
5.9.1.3 Ligand exchange on [Au(THT)Cl] with DPPBTS (1 eq.)
The reaction was performed in an N2 atmosphere.
In analogy to Brandys et al. [129] 40 mg [0.12 mmol] [Au(THT)Cl] were dissolved in 7 mL of
MeOH. To this solution 104 mg [0.12 mmol, 1 eq.] DPPBTS · 2H2O were then added resulting
to a suspension. The reaction mixture was stirred for 2 h. Then 2 mL of water were added until
a dark yellow solution formed. The reaction mixture was filtered through a Celite® column and
evaporated to dryness in a vacuum, resulting to a yellowish solid. The obtained solid was washed
five times with 2.5 mL of DCM and analyzed with OES, 1H- and 31P-NMR spectroscopy in D2O
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under Ar.
The NMR solutions were evaporated and the solids dissolved in 0.3 mL of water. EtOH was
added until a clouding of the solution was observed. Water was then subsequently added until the
precipitate was redissolved. By slow diffusion of EtOH into the aqueous solutions an amorphous
colorless solid (DPPBTS) precipitated. Using 2-propanol as solvent the same observation was
made. MeOH did not lead to any precipitation. No product was isolated. The analytical data is
shown and discussed in chapter 3.4.2.1.
5.9.2 Direct synthesis approach with AuCl3 in the presence of
DPPBTS
The reaction has been performed according to Brust et al. [9] and my diploma thesis [124] The
reaction was also conducted under Ar atmosphere.
20 mg [0.07 mmol] AuCl3 were dissolved in 4 mL of MeOH leading to an orange solution. While
stirring vigorously 58 mg [0.07 mmol] DPPBTS · 2H2O and 5 mL MeOH were added. The
mixture was stirred for 2 h at RT in the dark. The color of the suspension turned from orange
to colorless. A mixture of 42 mg [1.3 mmol] NaBH4 in 2 mL of MeOH was prepared and slowly
added to the suspension. The color of the suspension changed to red-brown and a precipitate
was formed. The reaction mixture was stirred for another 2 h at RT in the dark. The precipitate
was isolated by means of centrifugation as a red-brown precipitate. The precipitate was dried in
vacuum, analyzed with OES, 1H- and 31P-NMR spectroscopy. The analytical data is shown and
discussed in chapter 3.4.3.1.
Yield: 61 mg
For purification purposes the raw product was dissolved in 0.5 mL of water, precipitated with
5 mL of EtOH and isolated via centrifugation. This process was repeated two times and a
dark-red solid was obtained. The solid was analyzed with OES, 1H- and 31P-NMR spectroscopy,
as well as AFM and HRTEM. The analytical data is shown and discussed in chapter 3.4.3.1.
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Yield: 28 mg
In order to test different crystallization methods, additional reduction experiments under the
same conditions were conducted, yielding identical spectroscopical data.
5.9.2.1 Crystallization attempts
Crystallization due to diffusion of non-solute: A solution of the purified product in wa-
ter was prepared, filled into a small beaker and transferred into an amber glass bottle with
approximately 10 mL of non-solute. After storage at RT for two weeks, the samples were ana-
lyzed visually. The concentration of the solution, as well as the used non-solute and the visually
observed results are summarized in Table 5.12.
Table 5.12: Concentration of different solutions of the reaction product for crystallization
attempts with different non-solutes and the visual observation after two week
storage.
No. c(product)/mg/mL Non-solute Observation
D1 9 MeOH no precipitation
D2 9 EtOH oily precipitate
D3 9 2-propanol oily precipitate
D4 18 MeOH amorphous solid
Precipitation with divalent metal cations and subsequent crystallization: Saturated
methanolic solutions of MgCl2 · 6H2O, CaCl2 · 2H2O and SrCl2, as well as an aqueous solution
of 48 mg of the product in 200 µL were prepared (c(cluster) = 240 mg/mL). The precipitation
was tested by adding a few drops of the saturated salt solutions to 10 µL of the product
solution. No precipitate was formed following the addition of the methanolic MgCl2 solution. After
addition of CaCl2 and SrCl2 solutions a brownish precipitate was formed. Thus, the saturated
methanolic CaCl2 and SrCl2 solutions were added on a drop-by-drop basis to 80 µL of the product
solution respectively, for the duration a precipitation was observed. The precipitate was isolated
by centrifugation and washed several times with 1.5 mL of EtOH (CaCl2) or 1 mL of MeOH
(SrCl2). The resulting solids were dissolved in water and analyzed with OES. The solvent was
evaporated, yielding glassy brownish solids in both cases.
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In order to crystallize the obtained precipitates were dissolved in 500 µL of water and filled into
two small beakers, that were transferred into amber glass bottles filled either with 10 mL of
MeOH or 10 mL of EtOH. After storing the samples for 24 h an amorphous brownish precipitate
was formed in all cases.
Precipitation with monovalent metal cations and subsequent crystallization: A solution
of 40 mg of the product in 500 µL of water and a saturated methanolic CsCl solution were
prepared. The product solution was mixed with 2 mL of the CsCl solution and a red-brown
precipitate was formed, which was isolated by means of centrifugation and was washed three
times with 10 mL of MeOH. The isolated precipitate was dissolved in water and the solvent was
evaporated, yielding 37 mg of a red-brown solid. Furthermore, the solid was analyzed with OES,
1H- and 31P-NMR spectroscopy.
For the crystallization 10 mg of the red-brown solid were dissolved in 50 µL of water and
transferred into a capped NMR tube. The product solution was overlayed with 10 µL of water
and 300 µL of MeOH. Upon storage of the NMR tube at 4 ℃ in a polystyrene block for two
weeks an amorphous red precipitate was formed.
5.9.2.2 NMR reference experiment
A sample of the purified DPPBTS-stabilized Au-cluster was dissolved in 0.5 mL of D2O and
31P-NMR experiments were conducted with different delay times of D1 = 2, 4, 6 s.
5.9.2.3 Isolation of the intermediate for the reaction with DPPBTS
The reaction was conducted under Ar. 20 mg [0.07 mmol] AuCl3 were dissolved in 4 mL of
MeOH, yielding an orange solution. While stirring vigorously 58 mg [0.07 mmol] DPPBTS · 2H2O
and 5 mL of MeOH were added. The mixture was stirred for 2 h at RT in the absence of light.
During this time, the color of the suspension turned from orange to colorless. A colorless solid was
obtained by evaporating of the solvent, which was analyzed by 1H- and 31P-NMR spectroscopy.
The analytical data is shown and discussed in chapter 3.4.3.1.
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5.9.2.4 Investigation of different reaction parameters
The reaction has been performed according to Brust et al. [9] and my diploma thesis [124]
Additionally the reaction was conducted under Ar atmosphere.
20 mg [0.07 mmol] AuCl3 were dissolved in 4 mL of MeOH leading to an orange solution. While
stirring vigorously DPPBTS · 2H2O and 5 mL of MeOH were added. The mixture was stirred for
2 h in the dark, wherein the color of the suspension turned from orange to colorless. A mixture of
NaBH4 in 2 mL of MeOH was prepared and slowly added to the suspension. Upon reduction the
color of the suspension changed to red-brown and a red-brown precipitate had been formed. The
reaction mixture was stirred for another 2 h in the dark. The precipitate was isolated by means
of centrifugation, dried in vacuum and analyzed with OES, 1H- and 31P-NMR spectroscopy. The
analytical data is shown and discussed in chapter 3.4.3.1. An overview of the reaction parameters
is provided in Table 5.13
Table 5.13: Overview of the reaction parameters for the reduction of AuCl3 in the presence
of DPPBTS · 2H2O.
DPPBTS NaBH4
No. m/mg n/µmol eq. m/mg n/µmol eq. T/℃
E1 114 0.14 2 42 1.1 16 25
E2 58 0.07 1 84 2.2 32 25
E3 58 0.07 1 168 4.4 64 25
E4 58 0.07 1 42 1.1 16 0
E4 58 0.07 1 42 1.1 16 80
5.9.3 Direct synthesis approach with AuCl3 and DPPXTS (X = E, P,
Pe, H)
All reactions have been carried out according to Brust et al. [9] and my diploma thesis [124]
Additionally the reactions were conducted under Ar atmosphere.
20 mg [0.07 mmol] AuCl3 were dissolved in 4 mL of MeOH leading to an orange solution. While
stirring vigorously, [0.07 mmol] DPPXTS · 2H2O (X = E, P, Pe, H) and 5 mL of MeOH were
added. The mixture was stirred for 2 h at RT in the dark, wherein the color of the solution
turned from orange to yellow. A mixture of 42 mg NaBH4 in 2 mL of MeOH was prepared and
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slowly added to the AuCl3-DPPX-suspension. Upon reduction the color of the solution changed
depending on the ligand used and a precipitate was formed. The reaction mixture was stirred for
another 2 h at RT in the dark. The colored precipitate was isolated by centrifugation, dissolved in
water, filtered through an Anotop®-filter and dried in a vacuum. It was analyzed with OES, 1H-
and 31P-NMR spectroscopy. The analytical data is shown and discussed in the chapters 3.4.3.2,
3.4.3.3, 3.4.3.4 and 3.4.3.5. The experiment label, the used ligand, the mass of the used ligand
and the color changes are summarized in Table 5.14.
Table 5.14: Mass of the used DPPXTS · 2H2O ligand, as well as color change upon
reduction, color of the formed precipitate and yield.
No. Ligand m/mg Color(suspension) Color(precipitate) Yield/mg
F1 DPPETS · 2H2O 54 brown brown 12
F2 DPPPTS · 2H2O 57 red-brown brown 31
F3 DPPPeTS · 2H2O 58 dark-red brown 11
F4 DPPHTS · 2H2O 59 dark-red brown 9
5.9.3.1 Further conversion of DPPETS experiment
According to Shichibu et al. [34] 12 mg of the raw product from experiment F1 were dissolved
in 1.7 mL of water and 35 µL of a 12 M HCl solution were added under vigorous stirring. The
solution was stirred at RT for 24 h and an optical absorbance spectrum was measured. After
evaporation of the solvent a red-brown solid was obtained, which was washed several times with
EtOH and dried in vacuum. The sample was analyzed with OES, 1H-, 31P-NMR spectroscopy,
AFM and HRTEM. The analytical data is shown and discussed in chapter 3.4.3.2.
5.9.3.2 Purification of DPPXTS (X = P, Pe, H) experiments
The raw product was dissolved in water precipitated with EtOH and isolated via centrifugation.
This process was repeated twice. The purification yielded a brown precipitate, which was analyzed
using 1H-, 31P-NMR spectroscopy, AFM and HRTEM. The analytical data is shown and discussed
in the chapters 3.4.3.3, 3.4.3.4 and 3.4.3.5. Table 5.15 sums up the used concentration of the
raw product solution, the added amount of EtOH and the yield of the purified product.
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Table 5.15: Concentration of the raw product solution, as well as the amount of water,
the added amount of EtOH and the yield of the purified product.
No. Ligand c(product)/mg/mL V(EtOH)/mL Yield(product)/mg
G1 DPPPTS · 2H2O 62 5 10
G2 DPPPeTS · 2H2O 37 1 8
G3 DPPHTS · 2H2O 30 1 7
5.9.4 Ligand exchange on TPP-stabilized Au-clusters
5.9.4.1 Synthesis of [Au8(PPh3)8](NO3)2
In analogy to Van der Velden et al. [51] 250 mg [0.06 mmol] [Au9(PPh3)8](NO3)3 and 162 mg
TPP were dissolved in DCM, leading to a dark red solution. The solution was stirred for 30 min
and filtered through an Anotop®-filter. Following filtration the crude product was precipitated
with the addition of 78 mL toluene. The precipitate was isolated by centrifugation, washed
five times with 10 mL of hexane each and then dried in a vacuum. Slow diffusion of diethyl
ether into a diluted solution of the solid in DCM led to dark-red crystals. Those crystals were
washed several times with diethyl ether and the resulting red powder was dried in a vacuum.
The product was analyzed with OES in DCM, as well as 1H-, 31P-NMR spectroscopy in CD2Cl2
and elemental analysis (see Table 5.16).
Yield: 135 mg [0.03 mmol, 50 % from theory]
31P{1H}-NMR (CD2Cl2, 161.98 MHz, 25 ℃): δ (ppm) [literature value [22] (ppm)] =
55.0 [55.0](s, PPH3).
Table 5.16: Elemental analysis for C144H120Au8N2O6P8.
Content Theory Experimental
C / % 45.54 45.43
H / % 3.18 3.43
N / % 0.74 0.65
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5.9.4.2 Synthesis of [Au9(PPh3)8](NO3)3
According to Wen et al. [32] 3 g [5.75 mmol] [Au(PPh3)NO3] were suspended in 125 mL of
EtOH. In 30 min a solution of 54 mg [1.4 mmol] NaBH4 in 95 mL of EtOH was added on
a drop-by-drop basis. The red suspension was stirred for 2 h at RT in the absence of light.
Following evaporation of the solvent the red-brown solid was dissolved in DCM and filtered
through an Anotop®-filter. The solvent was removed and the crude product was washed first
with 10 mL of THF and second with 10 mL of hexane. By means of slow diffusion of diethyl
ether into diluted solutions of the cluster in MeOH green crystals were obtained. Those were
washed several times with diethyl ether and dried in a vacuum, resulting in a green powder. The
product was analyzed by OES in DCM, as well as 1H-, 31P-NMR spectroscopy in CD2Cl2 and
elemental analysis (see Table 5.17).
Yield: 795 mg [0.20 mmol, 32 % from theory]
31P{1H}-NMR (CD2Cl2, 161.98 MHz, 25 ℃): δ (ppm) [literature value [32] (ppm)] =
56.9 [56.9](s, PPh3).
Table 5.17: Elemental analysis for C144H120Au9N3O9P8.
Content Theory Experimental
C / % 42.63 42.45
H / % 2.99 3.18
N / % 1.04 0.73
5.9.4.3 Synthesis of [Au11(PPh3)7]Cl3
Following Woehrle et al. [79] 1.0 g [2.02 mmol] [Au(PPh3)Cl] was suspended in 55 mL of
EtOH and a solution of 76.2 mg [2.02 mmol] NaBH4 in 16 mL of EtOH was added dropwise
under vigorous stirring over the time course of 20 min. The reaction mixture was stirred for
2 h at RT in the absence of light. Afterwards the solution was poured into 1 L of hexane and
left overnight to precipitate. The brownish solid was collected by filtration, dissolved in 30 mL
of DCM and filtered. By the addition of 30 mL hexane the raw product was precipitated,
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isolated by centrifugation and redissolved in DCM. This procedure was repeated three times.
The remaining solid was dissolved in DCM and dried in a vacuum. A red-brown powder was
obtained. The product was analyzed with OES in DCM, as well as 1H-, 31P-NMR spectroscopy
in CD2Cl2 and elemental analysis (see Table 5.18).
Yield: 134 mg [0.033 mmol, 18 % from theory]
31P{1H}-NMR (CD2Cl2, 161.98 MHz, 25 ℃): δ (ppm) [literature data [80] (ppm)] =
53.04 [51.7 in toluene] (s, PPh3).
Table 5.18: Elemental analysis for C126H105Au11Cl3P7.
Content Theory Experimental
C / % 36.8 39.9
H / % 2.6 3.2
5.9.4.4 Ligand exchange on [Au9(PPh3)8](NO3)3 (DPPPTS and NaCl)
The reaction was conducted under Ar. In analogy to Wen et al. [32] 10 mg [0.0024 mmol]
[Au9(PPh3)8](NO3)3 were dissolved in 3 mL of DCM, leading to a red solution. A solution of
8.2 mg [0.0096 mmol, 4 eq.] DPPPTS · 2H2O in 3 mL of water was added under vigorous
stirring. The two-phase system was stirred for 4 days at RT in the absence of light, no phase
transition was observed. 20 mg [0.34 mmol] NaCl were added and the solution was stirred for
additional 24 h. A very slight reddish color was observed in the water phase, while the color of
the DCM phase remained darkly colored. The water phase was evaporated and a white solid with
a slightly reddish color was obtained. No further characterization was carried out.
5.9.4.5 Ligand exchange reaction on [Au9(PPh3)8](NO3)3 (DPPBTS and NaCl)
The reaction was conducted under Ar. In analogy to Wen et al. [32] 10 mg [0.0024 mmol]
[Au9(PPh3)8](NO3)3 were dissolved in 3 mL of DCM, leading to a red solution. A solution of
8.2 mg [0.0096 mmol, 4 eq.] DPPBTS · 2H2O in 3 mL of water was added under vigorous
stirring. The two-phase system was stirred for 4 days at RT in the absence of light, no phase
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transition was observed. 20 mg [0.34 mmol] NaCl were added and the solution was stirred for
additional 24 h. A dark reddish color was observed in the water phase, while the color of the
DCM phase exhibited a slight orange color. The water phase was evaporated and a reddish solid
was obtained. The raw product was washed with DCM until the DCM phase remained colorless.
After drying the raw product in vacuum, it was analyzed by means of OES and HAADF-STEM
analysis. The analytical data is shown and discussed in chapter 3.4.4.2.
5.9.4.6 Parameter optimization for the ligand exchange reaction on
[Au9(PPh3)8](NO3)3 (DPPBTS and NaCl)
The reaction was conducted under Ar. In analogy to Wen et al. [32] [Au9(PPh3)8](NO3)3 was
dissolved in DCM, leading to a red solution. A solution of DPPBTS · 2H2O and NaCl in water
was added while stirring vigorously. The mixture was stirred at RT in the absence of light.
After completed reaction the phases were separated. The water phase was evaporated and the
obtained solid was washed with DCM, until the DCM phase remained colorless. The sample
was then subsequently dried under reduced pressure and analyzed with OES. The analytical
data is shown and discussed in chapter 3.4.4.2. A summary of the reaction parameters of the
pre-experiments is provided in Table 5.19
Table 5.19: Overview of the ligand exchange experiments on [Au9(PPh3)8](NO3)3 with
DPPBTS · 2H2O and NaCl.
Au9(PPh3)8](NO3)3 DPPBTS NaCl DCM H2O
No. m/mg n/µmol eq. m/mg n/µmol eq. c/mol/L V/mL V/mL Time
H1 5.0 1.23 1 4.3 4.93 4 0.05 1.5 1.5 >4 d
H2 5.0 1.23 1 4.3 4.93 4 0.5 1.5 1.5 >4 d
H3 5.0 1.23 1 4.3 4.93 4 0.1 1.5 3 >4 d
H4 5.0 1.23 1 4.3 4.93 4 0.1 1.5 6 3 d
H5 10.0 2.46 1 12.9 14.8 6 0.1 3 12 1 d
H6 10.0 2.46 1 17.2 19.8 8 0.1 3 12 17 h
5.9.4.7 Ligand exchange reaction on [Au9(PPh3)8](NO3)3] (DPPBTS)
The reaction was conducted under Ar.
In analogy to Wen et al. [32] 40 mg [0.001 mmol] [Au9(PPh3)8](NO3)3 were dissolved in 12 mL
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of DCM, leading to a red solution. A solution of 51.6 mg [0.006 mmol] DPPBTS · 2H2O in 48 mL
of water was added while stirring vigorously. The mixture was stirred at RT in the absence of
light. After 24 h the DCM phase was nearly colorless, whereas the water phase exhibited a dark
red color. Subsequent to the phase separation, the water phase was evaporated and the obtained
dark red solid was washed with DCM, until the DCM phase remained colorless. The solid was
dried in a vacuum and yielded 60 mg of a dark red solid. The raw product was analyzed with
OES, 1H-, 31P-NMR spectroscopy, as well as HAADF-STEM and AFM. The analytical data is
shown and discussed in chapter 3.4.4.2. For the investigation of possible purification methods,
the reaction has been performed several times under the same conditions and it always yielded
a red solid as raw product with identical spectroscopical data.
a) Purification attempts:
1. Column chromatography: Prior to the experiments different solvents were tested as
mobile phase, using thin layer chromatography, which revealed a 2:1:5 mixture of
2-propanol:water:acetonitrile as best mobile phase. A Pasteur pipette was filled with silica
gel and humidified with the mobile phase. The column was washed five times with 2 mL
of the mobile phase each. The raw product (10 mg) was dissolved in 0.2 mL of the mobile
phase and casted onto the column. The sample was eluted by gradually increasing the
polarity of the mobile phase. Each fraction was analyzed with OES. The product fraction
was analyzed with OES and 31P-NMR spectroscopy.
2. Ultrafiltration: The raw product (10 mg) was dissolved in 10 mL of water and washed 6
times using a centrifuge filter. Filtrates were analyzed using OES. The remaining residue
was dried in vacuum and analyzed by OES, 1H- and 31P-NMR spectroscopy.
b) Precipitation attempts under Ar:
1. Precipitation with NMe4I: 11 mg of the raw product were dissolved in 0.5 mL of water
(c(product) = 22 mg/mL) and a solution of 4 mg [0.2 mmol] NMe4I in 100 µL water was
added. No precipitation occurred. The solvent was evaporated and a non-water-soluble
amorphous solid was obtained.
160
5.9 Synthesis of diphosphine-stabilized usAuNP
2. Precipitation with K+: 20 mg of the raw product were dissolved in 200 µL of water
(c(product) = 100 mg/mL) and a solution of 51 mg [0.5 mmol] KNO3 in 200 µL water
was added and stored at 4 ℃ overnight. No precipitation occurred. 500 µL of a saturated
solution of KNO3 were then subsequently added. Again no precipitation occurred.
3. Precipitation with Mg2+: 20 mg of the raw product were dissolved in 200 µL of water
(c(product) = 100 mg/mL) and a solution of 12.8 mg [0.5 mmol] Mg(NO3)2 · 6H2O in
100 µL water was added and stored at 4 ℃ overnight. No precipitation occurred. 500 µL
of a saturated solution of Mg(NO3)2 were then subsequently added. An oily precipitate
was formed.
4. Precipitation with Ca2+: 12 mg of the raw product were dissolved in 2 mL of water
(c(product) = 6 mg/mL) and a solution of 50 mg [0.31 mmol] Ca(NO3)2 · 4H2O in
300 µL water was added and stored at 4 ℃ overnight. A brown precipitate was formed.
The precipitate was isolated by means of centrifugation and washed four times with 4 mL
of water. Afterwards the precipitate was analyzed with OES. The precipitate was dissolved
in 0.5 mL of MeOH and a saturated solution of EDTA-disodium-dihydrate in 2.5 mL of
water was added. A precipitate was formed, which did not exhibit water solubility.
5.9.4.8 Ligand exchange reaction on [Au8(PPh3)8](NO3)2] (DPPBTS)
The reaction was conducted under Ar.
In analogy to Wen et al. [32] [Au8(PPh3)8](NO3)2 was dissolved in 3 mL of DCM. The cluster
solution was covered with a solution of DPPBTS · 2H2O in water and stirred at RT in the
absence of light. The net weights and the exact reaction conditions can be found in Table 5.20.
The phases were left to separate. No transition of cluster material to the aqueous phase was
observed.
5.9.4.9 Ligand exchange reaction on [Au11(PPh3)7Cl3])3] (DPPPTS and DPPBTS)
The reaction was conducted under Ar.
In analogy to Wen et al. [32]. [Au11(PPh3)7Cl3] was dissolved in DCM. The cluster solution was
covered with a solution of DPPXTS · 2H2O (X = P, B) in water and stirred at RT in the absence
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Table 5.20: Overview of the ligand exchange experiments on [Au8(PPh3)8](NO3)2 with
DPPBTS · 2H2O.
Au8(PPh3)8](NO3)2 DPPBTS DCM H2O
No. m/mg n/µmol eq. m/mg n/µmol eq. V/mL V/mL Time/h
I1 20 5.0 1 24 30.0 6 3 24 48
I2 20 5.0 1 24 30.0 6 1.5 24 48
of light. The exact reaction conditions can be found in Table 5.21. With DPPPTS · 2H2O no
phase transition occurred. In the case of DPPBTS · 2H2O a color change in the water phase
occurred. The water phase was evaporated and the obtained brownish solid was washed several
times with DCM. The solid was analyzed with OES in aqueous solution. The analytical data is
shown and discussed in chapter 3.4.4.3.
Table 5.21: Overview of the ligand exchange experiments on [Au11(PPh3)7Cl3])3 with
DPPXTS · 2H2O (X = P, B)
Au11(PPh3)7Cl3] DPPXTS DCM H2O
No. m/mg n/µmol eq. m/mg n/µmol eq. V/mL V/mL Time/days
J1 (X = P) 10 2.4 1 10.3 12.0 5 3 12 >4
J2 (X = B) 10 2.4 1 10.4 12.0 5 3 12 >4
J3 (X = B) 10 2.4 1 20.4 24.0 10 3 12 >4
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Abbreviations
AAS Atomic absorption spectroscopy
AFM Atomic force microscope(y)
Au1.1GSH GSH-stabilized AuNP with dcore = 1.1 nm
Au1.1MS Na8-x[Au9(TPPMS)8]Cl 3-x · nH2O (0≤x≤3, n ≈ 16)
Au1.4MS TPPMS-stabilized AuNP with dcore = 1.4 nm
Au2.0MS TPPMS-stabilized AuNP with dcore = 2.0 nm
Au4.5MS TPPMS-stabilized AuNP with dcore = 4.5 nm
Au8.1MS TPPMS-stabilized AuNP with dcore = 8.1 nm
Au10.4MS TPPMS-stabilized AuNP with dcore = 10.4 nm
Au1.0MS/MPA TPPMS/MPA-stabilized AuNP with dcore = 1.0 nm
BF Bright field
BP3 4’-methyl-1,1’-biphenyl-4-propanethiol
ccp Cubic closed packing
CNM Ultrathin carbon nanomembrane
CV Cyclic voltammetry
DCM Dichlormethane
DFT Density functional theory
DMEM Dulbeccos’s modified Eagle medium
DPV Difference pulse voltammetry
DPPM Bis(diphenylphosphion)methane
DPPE 1,2-Bis(diphenylphosphino)ethane
DPPP 1,3-Bis(diphenylphosphino)propane
DPPB 1,4-Bis(diphenylphosphino)butane
DPPPe 1,5-Bis(diphenylphosphino)pentane
DPPH 1,6-Bis(diphenylphosphino)hexane
DPPO 1,8-Bis(diphenylphosphino)octane
DPPETS Sodium 3,3’,3”,3’’’-(ethane-1,2-diylbis(phosphanetriyl))tetrabenzene-
sulfonate
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6 Abbreviations and symbols
DPPPTS Sodium 3,3’,3”,3’’’-(propane-1,3-diylbis(phosphanetriyl))tetrabenzene-
sulfonate
DPPBTS Sodium 3,3’,3”,3’’’-(butane-1,4-diylbis(phosphanetriyl))tetrabenzene-
sulfonate
DPPBTS=O Sodium 3,3’-((4-(bis(3-sulfonatophenyl)phosphanyl)butyl)phosphoryl)-
dibenzenesulfonate
DPPBTS=O2 Sodium 3,3’,3”,3’’’-(butane-1,4-diylbis(oxo-phosphanetriyl))tetraben-
zenesulfonate
DPPPeTS Sodium 3,3’,3”,3’’’-(pentane-1,5-diylbis(phosphanetriyl))tetrabenzene-
sulfonate
DPPHTS Sodium 3,3’,3”,3’’’-(hexane-1,6-diylbis(phosphanetriyl))tetrabenzene-
sulfonate
EC Extra cellular
EDTA Ethylenediaminetetraacetic acid
ESI-MS Electronspray ionisation mass spectrometry
EtOH Ethanol
FBS Fetal bovin serum
FFT Fast Fourier transformation
GSH Glutathione
HAADF High-angle annular dark field
h Hours
hcp Hexagonal closed packing
HEK 293 Human embryonic kidney cell line
HeLa HeLa cervix carcinoma epithelial cell line
HEPES 4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid
hERG human-ether-á-go-go
HOMO Highest occupied molecular orbital
HRTEM High-resolution transmission electron microscopy
IC Intra cellular
IC50 Half maximal inhibitory concentration
LMCT Ligand to metal charge transfer
LUMO Lowest unoccupied molecular orbital
LQTS Long QT syndrome
MLCT Metal to ligand charge transfer
min Minutes
MPA Mercaptopropionic acid
NMR Nuclear magnetic resonance
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PBS Phosphate buffered saline
p-MPA P-mercaptopropionic acid
OES Optical extinction spectroscopy
QDL Quantized double layer
RT Room temperature
s Seconds
SEM Scanning electron microscope(y)
STEM Scanning transmission electron microscope(y)
SWV Square wave pulse voltammetry
TDDFT Time-dependent density functional theory
TEM Transmissions electron microscope(y)
THT Tetrahydrothiphene
TPP Triphenylphosphine
TPPMS Triphenylphosphine-monosulfonate
usAuNP Ultrasmall gold nanoparticles
XRD X-ray diffraction
XTT 2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-Tetrazolium-5-
Carboxanilide disodium salt
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Symbols
a Number of DPPBTS ligands on Au-surface
Anorm Normalized Absorbance [a.u.]
[Au] Concentration of Au [µM]
b Number of DPPBTS=O ligands on Au-surface
c Concentration
D1 Delay time between two radio frequency pulses [s]
dcore Core diameter of AuNP [nm]
dpore Pore diameter [nm]
Ef Fermi energy
Egap Electronic band gap [eV]
Egap,OES Band gap data derived from optical extinction spectroscopy [eV]
Egap,pl Band gap data derived from photoluminescence spectroscopy [eV]
Egap,theo Band gap data derived by DFT calculations [eV]
Egap,volt Band gap data derived from voltammetry experiments [eV]
λ Wavelength [nm]
n Number of shells
n∗ Number of electrons for shell closure
N Number of metal atoms
Na Avogadro constant
Sa Number of surface metal atoms
Sac Number of accessible surface metal atoms for ligand binding
υa Number of free valence electrons
M Number of electron withdrawing ligands
MAu Molar mass of Au
rcluster Radius of a cluster
rAu Radius of a Au-atom
σ Chemical shift [ppm]
σAu Density of Au∑
h
Polarization energy for electron holes∑
e
Polarization energy for electrons
t Time [s]
U Voltage [mV]
z Net charge of cluster compound
Z Atomic number
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7 Appendix
7.1 Computional simulations
An energy minimization process was conducted on free DPPBTS (without Na+-ions) in vacuum
by a molecular mechanic simulation in Cambridgesoft ChemBio3D 13. The result is shown in
Fig. 7.1
0.69 nm
Figure 7.1: Energy minimized structure of DPPBTS (without Na+-ions) in vacuum after
8872 iterations. Atoms labeled as follows P = green; O = red; S=blue; C =
grey; negative charges = pink; for clarity H-atoms are omitted. A P-P distance
of 0.69 nm was measured.
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